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The „Ferrocene phosphinoguanidine donors” project presented in this Thesis targeted on the 
synthesis, coordination chemistry and catalytic applications of a rather uncommon class of 
compounds combining phosphine and guanidine functional groups in their molecules. Two 
series of such compounds based on ferrocene backbone (henceforth fc = ferrocen-1,1΄-diyl) were 
studied. 
 Firstly, a reliable synthetic route towards polar phosphinoguanidinium chlorides 
[R2PfcCH2NHC(NH2)2]Cl, where R = iso-propyl, cyclohexyl, phenyl and 2-furyl, was developed 
and these ligands were tested as supporting ligands in palladium-catalysed Suzuki-Miyaura-type 
reactions in biphasic aqueous mixtures and in rhodium-catalysed hydroformylation of 1-hexene. 
Deduced from the results, the hydrophilic guanidinium tag had a beneficial effect on the catalytic 
activity and, particularly, the electron-rich phosphines from this series could serve as a useful 
alternative to commonly used ligands for catalytic applications in polar or aqueous reaction 
media.  
Phosphinonitriles R2PfcCN obtained as intermediates during the synthesis of the 
abovementioned ligands were additionally used for the preparation of the dimeric complexes 
[Au2(µ-R2PfcCN)2][SbF6]2, in which the gold(I) centre was stabilised by nitrile coordination. 
These complexes proved to be highly active precatalysts in gold(I)-mediated cyclisation of 
N-propargyl amides to 2-substituted 5-methyleneoxazolines. The reaction rates correlated with 
the donor properties of the phosphine moieties with the complex bearing the least donating 
phosphine showing the best catalytic results. 
 A second compound series included phosphinoguanidines Ph2PfcNC(NHR΄)2 (R΄ = 
iso-propyl, cyclohexyl and 2,6-xylyl), representing the first examples of N,N΄,N΄΄-trisubstituted 
phosphinoguanidines isolated to date. The coordination behaviour of these ligands towards 
palladium(II) was studied extensively. During these studies, complexes covering various 
possible coordination modes of these ligands were prepared and characterised, including unique 
complexes containing the Fe→Pd dative bond and unprecedented mononuclear palladium(II) 
guanidinate complexes. These results initiated further studies into the reactivity and possible 










Předkládaná disertační práce „Ferrocenové fosfinoguanidinové donory“ cílila na rozšíření dosud 
málo početné skupiny sloučenin, v jejichž strukturách se kombinují fosfinové a guanidinové 
funkční skupiny. Byly studovány zejména dvě série takových látek se strukturou založenou na 
ferrocenovém skeletu (dále fc = ferrocen-1,1΄-diyl). 
První skupinou látek byly polární chloridy fosfinoguanidinia [R2PfcCH2NHC(NH2)2]Cl, 
kde R = iso-propyl, cyklohexyl, fenyl a 2-furyl. Tyto hydrofilní fosfiny byly testovány jako 
podpůrné ligandy v palladiem katalyzovaných spojovacích reakcích Suzukiho-Miyaurova typu ve 
vodném bifázovém prostředí a v rhodiem katalyzované hydroformylaci 1-hexenu. Z výsledků 
vyplynulo, že guanidiniový substituent měl pozitivní vliv na katalytickou aktivitu a zejména 
elektronově bohaté fosfiny z této série tak mohou být užitečnou alternativou pro některé 
katalytické reakce prováděné v polárních či vodných rozpouštědlech.  
Meziprodukty při syntéze výše zmíněných ligandů, fosfinonitrily R2PfcCN, byly dále 
využity pro přípravu nitrilovou skupinou stabilizovaných dimerních komplexů 
[Au2(µ-R2PfcCN)2][SbF6]2. Jejich katalytická aktivita byla porovnána ve zlatem katalyzované 
cyklizaci propargylamidů za vzniku 5-methylen-4,5-dihydrooxazolů. Bylo zjištěno, že se jedná o 
vysoce aktivní katalyzátory, přičemž rychlost reakce korespondovala se sigma-donorovými 
vlastnostmi fosfinů s tím, že reakce probíhala nejrychleji v přítomnosti elektronově nejchudšího 
fosfinu.  
Druhou připravenou skupinou látek byly fosfinoguanidiny typu Ph2PfcNC(NHR΄)2, kde 
R΄ = iso-propyl, cyklohexyl a 2,6-xylyl. V tomto případě se jedná o vůbec první izolované 
N,N΄,N΄΄-trisubstituované fosfinoguanidiny. U těchto sloučenin bylo následně studováno 
především koordinační chování vůči palladnatému centru. Na strukturách získaných komplexů 
byla demonstrována široká paleta dostupných koordinačních módů zmíněných ligandů. Byly 
připraveny a charakterizovány jak komplexy obvyklé, tak v některých případech vzácné 
(koordinace za účasti dativní vazby Fe→Pd), až unikátní (první popsaný fosfinoguanidinátový 
palladnatý komplex). Získané výsledky otevírají cestu k dalšímu studiu reaktivity a případné 











1.1 Phosphines – properties and catalytic applications 
Catalytic applications of phosphine ligands or, more accurately, phosphine-transition metal 
complexes began to emerge in the late 1940s. At that time Reppe reported that phosphine-
coordinated nickel complexes were more efficient catalysts for cyclotrimerisation of olefinic and 
acetylenic substrates than other nickel salts.[1] Since then, homogeneous transition metal 
catalysis became one of the most important fields of research in chemistry and, currently, 
hundreds of new phosphine ligands and their transition metal complexes are developed every 
year.[2]  
Extensive research in this area obviously demonstrated positive effect that auxiliary 
phosphine ligands exerted on metal-catalysed reactions. Expectedly, phosphines do not interact 
with the reactants directly, since all the relevant transformations take place on a transition 
metal centre (Scheme 1.1). However, they play the key role in controlling reactivity of the metal 
centre and stabilise it during the catalytic cycle. 
 
 
Scheme 1.1. General representation of typical transition metal-mediated catalytic cycle. 
 
According to the HSAB theory,[3] phosphines are soft bases capable of σ-donation and 
π-back donation. Substitution pattern at the phosphorus atom has a substantial effect on these 
two contributions to donor characteristics of a phosphine ligand. Generally, electron-donating 
substituents increase electron density at the phosphorus atom, making it stronger σ-donor and 
weaker π-acceptor and vice versa. As a consequence, strongly σ-donating, electron-rich 
phosphine increases after coordination the electron density at a catalytically active metal centre 
and thus enhances the rate of oxidative addition. Conversely, electron-poor phosphine supports 
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the reductive elimination step. It is, however, far from easy to describe the donor properties of 
phosphines by simple, experimentally accessible parameters. Brønsted basicity[4] can be used as 
it, to some extent, correlates with the donor strength. One of the most popular methods is based 
on recording the carbonyl stretching frequencies νCO(A1) of [Ni(CO)3(phosphine)],[5] 
[RhCl(CO)(phosphine)2][6] or other metal carbonyl complexes. The values then describe the 
π-acceptor strength. Recently, the 1JPSe coupling constant of corresponding phosphine selenides 
R3P=Se was introduced as a convenient parameter for probing the basicity of phosphines.[7] The 
interaction constant reflects the s-character of the lone pair and, consequently, it is not entirely 
an electronic parameter, but is also affected by the geometry at the phosphorus atom. This 
contribution is more pronounced for phosphines with sterically demanding substituents. 
The size of the phosphine ligand is a second property, which could be changed directly 
by substituent variation. In principle, phosphines with bulky substituents create large steric 
hindrance around the metal centre. Therefore, products of the catalytic cycle are released from 
the coordination sphere more easily. Based on this assumption, sterically demanding 
phosphines (which are also often strong σ-donors) received considerable attention and showed 
supreme results in various catalytic applications.[8] Several parameters are commonly used 
when describing the size of a phosphine. The cone angle, introduced in 1970 by Tolman, is 
defined as the “apex angle of a cone centred on the metal, just large enough to enclose the van 
der Waals radii of the outermost atoms of the ligand”.[9] This approach, despite its simplicity, 
describes the steric demands of a phosphine very well and is still popular. However, several 
other methods, such as solid angle,[10] ligand repulsive energy,[11] or ligand buried volume,[12] 
were developed to assess the phosphine size more precisely. For bidentate chelating 
diphosphines, another steric parameter, namely the P-M-P angle (i. e., the ligand bite angle), was 
proposed.[13] Its value can be determined from crystal structures. However, in that case, the 
value is a compromise between ligand and metal ion preferred angles. The natural bite angle, on 
the other hand, is defined as “the preferred chelation angle determined only by ligand backbone 
straints and not by metal valence angles” and it can be obtained from computational molecular 
modelling.[14] 
Another way how to modify catalytic performance of phosphine ligands is to incorporate 
additional functional groups to their structures. These additional functionalities can serve for 
various purposes depending on their nature. 
 One of the properties that could be altered by adjacent functional groups is solubility, 
since an efficient catalyst should be soluble in the solvent used for the reaction.  The green 
chemistry principles[15] emphasise the use of non-toxic solvents, preferably water. 
Unfortunately, conventional phosphine complexes, despite they are excellent catalyst 
components, are usually insoluble in water. To overcome this problem, hydrophilic functional 
9 
 
groups are attached to solubilise the phosphine in aqueous media. Sulphonate is the group of 
choice for this purpose, but other acidic groups, amines or polyethers are used as well.[16] 
Catalysts based on water-soluble phosphines can be advantageously used for reactions in 
aqueous biphasic mixtures. In this setup, the catalyst is dissolved in aqueous phase with the 
possibility of its recycling, whereas the starting materials and the products, remaining in a non-
miscible organic phase, can be simply separated by extraction and decantation. This approach 
was successfully implemented in industry.[17, 16a]  
 Phosphines equipped with additional donor groups are important class of so-called 
hybrid ligands which are, by definition, “bi- or polydentate ligands that contain at least two 
different types of chemical functionality capable of binding to metal centres”.[18] Hemilabile 
ligands are a special type of hybrid ligands.[19] In their case, a strongly donating group (such as 
phosphine for the soft metal ions) is combined with a weaker donor, which can reversibly 
de-coordinate in the presence of another ligand or solvent. This behaviour could be useful for 
catalytic applications assuming that de-coordination leads to an activation of the catalyst while 
coordination, on the other hand, results in stabilisation of its resting state (Scheme 1.2a). Some 
of the hybrid phosphines can directly participate in substrate activation by metal-ligand 
cooperation (Scheme 1.2b). Such ligands are classified as cooperating ligands and typically 
contain acid-base or redox-active groups in their structures.[20] 
 
 
Scheme 1.2. (a) Principle of hemilabile coordination of hybrid ligands; (b) activation of 
substrate by ligand-metal cooperation. 
 
 Obviously, all the aforementioned principles can be combined to design highly active, 
custom-tailored ligands for specific catalytic applications (Scheme 1.3). In this context, it is 
worth to mention ligands from the cataCXium family excelling in C-C cross-coupling reactions,[21] 
Buchwald-type biaryl-substituted phosphines designed for palladium catalysed reactions,[22] or 
complexes of PNP-pincer ligands active in (de)hydrogenation reactions.[23] Notably, all these 
very successful ligands comprise a chemically stable backbone. Therefore, when thinking about 






Scheme 1.3. Selected examples of highly functionalised ligands. 
 
1.2 Ferrocene-based phosphines 
Ferrocene was discovered unintentionally in the early 1950s by two research groups as an 
unusually stable inorganic compound of elemental composition  C10H10Fe.[24, 25] It was some sort 
of a riddle for chemists, who were quite uncertain about its structure until it was finally revealed 
by X-ray diffraction analysis.[26, 27] And it was the recognition of ferrocene structure, comprising 
of two cyclopentadienyl rings coplanarly coordinated to an iron(II) ion via their delocalised 
π-systems, that initiated rapid development of metallocene and organometallic chemistry. For 
pioneering work in this field, the Nobel Prize was awarded to G. Wilkinson and E. O. Fischer in 
1973. 
  Chemical stability of ferrocene arises from obeying the “18-electron rule” and also from 
its aromaticity given by complete delocalisation of the cyclopentadienyl ring electrons. Although 
highly chemically stable, the molecule is not inert. It can undergo reversible one-electron 
oxidation to form ferrocenium cation, which process is so distinctive and reproducible that 
ferrocene/ferrocenium pair serves as one of commonly used internal standards in 
electrochemistry.[28] The redox potential varies with substitution at the cyclopentadienyl rings 
and correlates well with Hammett constants of the substituents.[29] This means that electron-
donating substituents shift the redox potential to more negative values, i. e., the derivative is 
easily oxidised, and vice versa. 
  As for chemical reactivity, ferrocene can be functionalised by reaction protocols typical 
for aromatic compounds. For example, various acylferrocenes can be prepared by Friedel-Crafts 
acylation or Vilsmeier formylation.[30] Another reaction of great importance in ferrocene 
chemistry is lithiation. By choice of appropriate reaction conditions, lithiation can be driven to 
specific positions on ferrocene scaffold and, after subsequent reaction with electrophiles, a wide 
range of derivatives can be synthesised.[31]  
  Among all the ferrocene-based compounds,[32, 33] ferrocenylphosphines are possibly the 
most studied ones and further research into their properties is motivated by successful 
commercial applications of several compound types in catalysis (Scheme 1.4). The foundation 
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of the field was laid by Sollott who studied the reaction of ferrocene with phosphorus trichloride 
under Friedel-Crafts conditions. In addition to the expected ferrocenyl mono- and disubstituted 
phosphine chlorides, he also obtained symmetrical trisubstituted triferrocenylphosphine, which 
compound was, curiously, the first ferrocenylphosphine bearing solely carbon-bonded 
substituents at phosphorus.[34] Later on, ferrocenyldiphenylphosphine was prepared by the 
same approach[35] as a typical representative of monophosphinylated ferrocenes. The 
considerable advantage of ferrocene monophosphines is their stability and the fact that they are, 
unlike many conventional organic phosphines, easy to handle, well-defined crystalline materials. 
Some of them exhibit favourable catalytic activities. For example, sterically hindered ligand 
Q-Phos (I) excelled in palladium-catalysed cross-coupling reactions of unactivated substrates.[36] 
However, the advances in ferrocene monophosphine chemistry were overshadowed by 
performance  of ferrocene-based diphosphines in homogeneous transition metal catalysis.  
 
 
Scheme 1.4. Ferrocene-based phosphines widely used in catalysis. 
 
  Josiphos ligand family (II)[37] belongs to the so-called “privileged” ligands for asymmetric 
catalysis. In the structure of these ligands, planar chirality, a significant property of 
1,2-disubstituted ferrocenes with non-matching substituents, is combined with central chirality 
at one of the substituents. The coordination of these diphosphines to metal ions is described by 
relatively wide bite angles (approximately 93° on average) which, together with steric hindrance 
caused by bulky substituents on the phosphorus atoms, enforces cis-coordination of these 
ligands and keeps the chirality elements in proximity of a catalytically active centre. This unique 
steric arrangement is responsible for a high activity and enantioselectivity of Josiphos ligands in 
various synthetic transformations, such as catalytic hydrogenations of multiple bonds, 
hydrofunctionalisations, or C-C bond forming reactions.[38] 
  In spite of numerous successful applications of chiral ferrocene phosphines, the rather 
simple diphosphine, 1,1’-bis(diphenylphosphino)ferrocene (dppf, III) still remains the most 
frequently studied and utilised ferrocene ligand. Its convenient synthesis was reported in 
1971[31b] and, soon after, the first reports on promising catalytic activity of dppf-transition metal 
complexes in cross-coupling reactions were published.[39] Since then, complex [PdCl2(dppf)] was 
titled by a nickname “magic catalyst” and dppf ligand itself became a standard part of “ligand kits” 
used for the development of new transition metal catalysed processes. The wide palette of 
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applications of dppf in cross-coupling reactions was thoroughly reviewed in several book 
chapters and review articles.[40] The high catalytic activity of dppf can be explained by its large 
bite angle (natural bite angle value is 99°),[41] which supports the reductive elimination step, and 
by its conformational flexibility. The latter factor was investigated in numerous coordination 
studies, which revealed that dppf can act either as monodentate donor or as bidentate ligand in 
chelating or bridging mode (Scheme 1.5).  
  In addition to the aforementioned “traditional” coordination modes, dppf can also enter 
into a rather peculiar κ3P,Fe,P’-coordination interactions with dative bond between the electron-
rich iron atom and the ligated metal ion. This coordination mode was firstly described for 
1,1’-ferrocenylditiolate palladium(II) complex[42] in 1983 and, based on growing number of 
examples,[43] it seems that it is a common feature of 1,1’-disubstituted ferrocene ligands with 
donor atoms directly attached to the ferrocene scaffold. However, the requirements for this 
coordination mode to emerge are still scarcely explored, although the nature of the known 
examples suggests a delicate interplay between electronic and steric properties of the donor 
moieties. Finally, it should be noted that only examples with donor-symmetric ligands have been 
reported thus far. 
 
 
Scheme 1.5. Coordination modes of dppf. 
 
  The success of dppf in homogeneous catalysis initiated further research into its 
analogues and derivatives. One way how to modify the dppf molecule is to exchange phenyl 
groups for other substituents. Some of these P-alkyl derivatives showed even higher catalytic 
activities than dppf itself. In particular, bulky and electron-rich 1,1’-bis(di-tert-butyl-
phosphino)ferrocene (dtbpf) was found to be remarkably active in Suzuki-Miyaura coupling[44] 
and in Pd-catalysed amination[45] of unactivated substrates. 
  Another option is to functionalise one or more of the remaining positions of the 
cyclopentadienyl rings. Highly functionalised ferrocene polyphosphines synthesised by Hierso 
and co-workers (IV)[46] could serve as an example of such derivatives. These ligands were tested 
in palladium-catalysed C-H activations of heterocycles.[47]  
  Another approach towards dppf derivatisation, essential for this work, is a replacement 
of one diphenylphosphino group for a different functionality with a specified function. Such 
13 
 
functionality can be an additional donor group, in which case a hybrid ligand is obtained, or a 
hydrophilic moiety providing access to water-soluble ferrocene phosphines. In some cases, both 
principles are efficiently combined.[48]  
 The synthetic pathways towards 1’-functionalised ferrocenylphosphines are usually 
based on lithiation/functionalisation reactions. Two of the most convenient routes start from 
easily accessible 1,1’-dibromoferrocene (Scheme 1.6).[49] When reacted with organolithium 
reagents, the bromine substituents are selectively and stoichiometrically replaced by lithium to 
provide lithium salts.[50] Following Route A, 1,1’-dibromoferrocene is initially reacted with one 
equivalent of butyllithium to obtain monolithiated intermediate, which is in turn reacted either 
with a suitable electrophile or with chlorophosphine (depending on what is more favourable) to 
produce 1’-functionalised bromoferrocene. The latter is subsequently reacted with another 
equivalent of butyllithium and the remaining functional group is installed. Route B starts by 
reaction of 1,1’-dibromoferrocene with two equivalents of butyllithium giving dilithiated 
ferrocene, which further reacts with dichlorophosphine to form ferrocenophane phosphine. 
Strained ferrocenophane ring is subsequently opened in a reaction with organolithium reagent 
to produce lithium salt of phosphinoferrocene which, in the final step, reacts with an 
electrophile to form the product. Although Route B requires more equivalents of organolithium 
reagent, it can be beneficial for synthesis of ferrocenylphosphines unsymmetrically substituted 
at the phosphorus atom. 
 
 
Scheme 1.6. Most common synthetic routes to 1’-functionalised ferrocenylphosphines. 
 
 From the plethora of 1’-functionalised ferrocenylphosphines, only examples relevant for 
this work, i. e., phosphines partially soluble in water (Scheme 1.7) and P,N-donors (Scheme 1.8 
and Scheme 1.9), are selected and discussed below.  
 An archetypal representative of ferrocenylphosphines equipped with acidic group is the 
carboxylated derivative, 1-(diphenylphosphino)-1’-ferrocenecarboxylic acid (Hdpf, V), firstly 
reported in 1996.[51] Subsequently, it was shown that this hybrid ligand can coordinate various 
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metal ions in P-monodentate,[52] or P,O-chelating[53] fashion. Later on, polymetallic complexes in 
which the dpf – anion coordinates as an P,O-bridge between hard and soft metal centres were 
described.[54] Furthermore, rhodium(I) complexes of Hdpf proved to be active and recyclable 
catalysts for hydroformylation of 1-hexene.[55] 
 Hdpf was also used as a starting material in the synthesis of a wide range of compounds 
in which phosphinoferrocene moiety was connected with a flexible functional pendant by amide 
bond (compounds VI-X). The amide substituents often served as a hemilabile donor and the 
pendants were equipped with additional functionalities such as amino-acid fragments, amines, 
ureas, guanidines, phosphines or sulphonates. Substantial conformational flexibility and a rich 
palette of coordination modes were manifested via coordination reactions, mostly with 
platinum-group metals. Catalytic activity of many of these ligands and complexes was evaluated 
in cross-coupling reactions performed in aqueous reaction mixtures or under biphasic setup 
with promising results. The achievements in chemistry of these derivatives was concisely 
reviewed.[56]  
Lately, the influence of phosphine substitution on donor and catalytic properties was 
probed when selected carboxamides (namely VI and X) with varied substituents at the 
phosphorus atom were compared in Pd-catalysed cyanation and in Suzuki-Miyaura reactions. It 
was concluded, that phosphines with bulky electron-rich substituents were more active in 
Suzuki-Miyaura coupling than the phenyl-substituted ones.[57] The opposite trend was noted for 
the cyanation reactions.[58] 
 
 
Scheme 1.7. Selected representatives of polar, 1’-functionalised ferrocenylphosphines. 
 
Very recently, sulphonate analogue of Hdpf, viz Ph2PfcSO3H, was prepared and isolated in 
the form of its triethylammonium salt (XI). Coordination preferences of this compound were 
evaluated through reactions with palladium(II) and rhodium(I) precursors.[59,60] Selected 
palladium(II) complexes were tested as catalysts for Suzuki-Miyaura-type coupling of 
aroylchlorides with boronic acids providing benzophenones,[59] and for oligomerisation of 
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ethylene.[61] Catalytic activity of rhodium(I) complexes was, on the other hand, examined in 
hydroformylation reactions.[60] A related phosphonate analogue Ph2PfcPO3H2 (XII) was also 




Scheme 1.8. Selected ferrocene-based P,N-donors. 
 
Among 1’-functionalised ferrocenylphosphines, hybrid P,N-donors are of particular 
importance. Amine or imine groups are the typical secondary donor moieties present in these 
compounds (Scheme 1.8). 1’-(Aminomethyl)-1-(diphenylphosphino)ferrocene (XV), was 
originally prepared as a useful synthon for the preparation of other functional ligands 
(compounds XIII and XIV in Scheme 1.7).[63] In addition, its coordination chemistry towards 
Cu(I) was investigated lately, giving rise to a P,N-chelated complex and an obscure multinuclear 
mixed-valent copper(I/II) complex.[64] 
 The effect of pendant arm properties on the coordination flexibility of a ligand can be 
demonstrated by comparing the coordination behaviour of two compounds bearing the NMe2 
donor groups in their structures, namely Ph2PfcCH2NMe2 (XVI) and Ph2PfcC(O)NHCH2CH2NMe2 
(XVII). The first one, linked by a methylene spacer, reacts with PdCl2 precursor to form 
a P,N-bridged dimer.[65] The latter one, with a longer, carboxamide-based linker, coordinates as 
a trans-chelating ligand.[66]  
 Similar trends were observed in coordination chemistry of ferrocenylphosphines 
containing pyridine-type substituents. Thus, pyridyl-substituted derivative Ph2PfcPy (XVII) 
coordinates to PdCl2 in cis-chelating fashion,[67] while in the case of its bipyridyl analogue 
Ph2PfcBipy (XIX), coordination of the terminal pyridine ring leads selectively to trans-chelated 
isomer.[68] Interesting behaviour induced by ligand geometry was observed in complex 
cis-[Rh(cod)(Ph2PfcPy-κ2P,N)][PF6], in which weak interaction between rhodium(I) centre and 
neighbouring hydrogen atom of cyclopentadienyl ring was identified. In the iridium analogue, 
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the hydrogen atom entered the coordination sphere via oxidative addition of one CH group in 
the cyclopentadienyl ring to the iridium centre.[69]  
Ferrocenyl iminophosphine ligands Ph2PfcCH=NR (XX) formed chelate complexes with 
Pd(0) and Ni(0), which were used in Suzuki-Miyaura cross-coupling[70] and in ethylene 
oligomerisation, respectively.[71] Conversely, phosphinonitrile Ph2PfcCN (XXI) is one of the 
simplest hemilabile ferrocene P,N-donors. Its coordination chemistry, especially with coinage-
metals, however, is incredibly rich in motives and variations.[72] Most of the structures of its 
complexes is based on combinations of P-monodentate and P,N-bridging coordination modes. 
Moreover, dimeric complexes [Au2(μ-Ph2PfcCN-κ2P,N)2]X2 (X = [SbF6]–, NTf2–, OTf–) are highly 
active catalysts in gold(I)-catalysed reactions.[72b, 73]  
 
 
Scheme 1.9. Hybrid, 1,1’-substituted ferrocene-based P,N-donors with the nitrogen atom 
directly attached to the ferrocene backbone. 
 
Donor-symmetric 1,1’-disubstituted ferrocene ligands with nitrogen donor atoms 
directly attached to the ferrocene backbone are quite common and widely used for stabilisation 
of lanthanide and actinide ions,[74] platinum-metals,[75] and even main group elements.[76] In 
a striking contrast, analogous donor-unsymmetric 1’-nitrogen-substituted ferrocenylphosphines 
have been studied very scarcely thus far (Scheme 1.9). The crucial synthon for the preparation 
of such ligands, i. e., 1-(diphenyphosphino)-1’-aminoferrocene (XXII), was firstly reported in 
1998,[77] but the convenient and reliable synthetic procedure was reported only recently.[78] In 
the original paper, the preparation of complex [PdCl2(Ph2PfcNH2)] was additionally described; 
however, no additional structural information was provided for this compound. Ph2PfcNH2 with 
protected phosphine group reacts with aldehydes to form imine which, after reduction and 
deprotection, provides N-substituted amine as it was demonstrated by the synthesis of 
Ph2PfcNHCH2tBu (XXIII).[79] Unfortunately, no reports on coordination chemistry of this lidand 
have been published yet. Finally, phosphine imines tBuHPfcN=CR (XXIV) were unintentionally 
prepared during attempted synthesis of azaphospha[2]ferrocenophanes.[80] 
 To the best of my knowledge, the three compounds listed above (and the corresponding 
reaction intermediates leading to them) are the only examples of donor-unsymmetric 
1’-nitrogen-substituted ferrocenylphosphines. Nevertheless, Ph2PfcNH2 can be certainly utilised 
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as a starting material for the synthesis of a plethora of amine-derived compounds, and it is just a 
matter of time, when new ligands of this type emerge. One class of compounds easily accessible 
from amines are guanidines. 
 
1.3 Guanidines – properties, synthesis and applications in ligand design 
Guanidines are nitrogen-rich organic compounds derived from the eponymous parent congener 
of the formula (NH2)2C=NH. Due to their unique properties, namely high basicity, hydrogen 
bonding ability and biocompatibility, they found wide applications in various fields including 
organocatalysis, supramolecular chemistry or bioinorganic chemistry.[81] 
  The most striking property of guanidines is their basicity. Guanidine itself is considered 
one of the strongest organic bases comparable in strength to alkaline hydroxides. The high 
basicity of guanidine origins from a gain of resonance energy upon formation of a guanidinium 
cation, in which six electrons are delocalised over three equivalent Y-shaped resonance forms. 
This is sometimes refered to as Y-aromaticity.[82] The symmetry is diminished for N-substituted 
guanidines which are, therefore, generally less basic as it was shown for a series of methylated 
guanidines.[83] Beside of this effect, basicities correspond well with Hammett inductive constants 
σI of the substituents.[84]  
  A significant property of substituted guanidines closely related to basicity is the 
tautomerism between imino and amino forms (Scheme 1.10). The tautomerisation equilibrium 
can be studied using 15N NMR spectroscopy, as it was done for arginine[85] and 
N-arylguanidines.[86] In the case of amino acid arginine, in which guanidine moiety is substituted 
with an electron-donating alkyl chain, the imino-form was more populated. On the other hand, 
amino-form was preferred for guanidines with electron-withdrawing aryl substituents. 
Therefore, it can be concluded that for the most stable tautomer, imine nitrogen will be 
preferentially connected to the most electon-withdrawing substituent. 
 
   
Scheme 1.10. (a) Tautomeric forms of N-substituted guanidines; (b) predominant tautomers of 





  Another distinctive feature of guanidines is their ability to support structures via intra- 
and intermolecular hydrogen bonds. In the case of guanidinium salts, it is indeed the key 
structure-building factor of the crystals.[87] By means of hydrogen bonding, guanidines can 
interact with and change conformation structures of substances,[88] or even redirect reactions by 
navigating the substrates into specific positions.[89] 
  Guanidines are usually synthesised by guanylation of the corresponding amines. 
A variety of guanylation reagents can be applied depending on the substrate 
(Scheme 1.11).[81, 90] Many of the most versatile reagents are based on activated ureas or 
thioureas. Methylation of thiourea with methyl iodide leads to isolable S-methylisothiouronium 
salt, which proved to be a generally applicable guanylation agent. It reacts with primary amines 
at room temperature, however, elevated temperatures are required for the reactions of 
secondary amines.[91] Even more active reagent is aminoiminomethanesulfonic acid, which can 
be obtained by thiourea oxidation. This reagent converts most of the amines into guanidines at 
room temperature and, since only mild conditions are required, it is also suitable for guanylation 
of amino acids.[92] These reagents can be utilised in the synthesis of both monosubstituted and 
polysubstituted guanidines.[83] Furthermore, pyrazole derivatives, namely 3,5-dimethyl-1-
pyrazolylformaminidium nitrate[93] and 1H-pyrazole-1-carboxamidine hydrochloride,[94] give 
excellent yields of N-monosubstituted guanidines. On the other hand, N,N’,N’’-trisubstituted and 
N,N,N’,N’’-tetrasubstituted guanidines can be prepared by the reaction of amines with 
carbodiimides.[95] The reaction proceeds more readily when a catalytic amount of organometallic 
reagent such as diethylzinc or butyllithium is added.[96] Compared to hydroamination methods 
listed above, direct alkylations of guanidine moiety are of limited use. 
 
 
Scheme 1.11. Commonly used guanylation reagents. 
 
  Guanidines are widely applied as ligands in coordination chemistry. However, their 
mode of coordination strongly depends on the acid-base form of the guanidine (Scheme 1.12). 
Obviously, guanidinium cations cannot coordinate to metal centres since no donor atom is 
available for a dative bond formation. In contrast, neutral guanidines can coordinate by imine-
type nitrogen to a vast variety of metal ions spanning from lithium, through late transition 
metals to main group elements.[97] However, in the most complexes, guanidine moiety is present 
in its deprotonated form, i. e., as a guanidinate anion. Guanidinates are considered hard donors 
with a preference to coordinate hard metal centres. Numerous guanidinate complexes of main 
group and early transition metals have been described, in which guanidinate binds as 
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a monodentate, chelating or bridging ligand.[98] Conversely, guanidinate complexes with late 
transition metals are still uncommon.[99]  
 
   
Scheme 1.12. Possible coordination modes of different guanidine forms. 
 
  Various hybrid donors can be designed by combining guanidine moiety with additional 
donor groups. Guanidines with adjacent nitrogen-containing donor groups are possibly the most 
investigated class of guanidine-based hybrid ligands. Compounds equipped with pyridine 
substituents, aliphatic amines or cyano group were prepared and studied as ligands in transition 
metal complexes.[100] Guanidine-substituted thiolates were reported to form polynuclear 
complexes with copper(II).[101] Specifically, arylguanidines can act as N,C-chelating donors as it 
was demonstrated in cyclometallated palladium(II) and platinum(II) complexes.[102] 
  In the case of guanidine-substituted phosphines, two series of ligands should be 
distinguished. First one comprises phosphines bearing a cationic guanidinium tag that have been 
extensively studied as hydrophilic ligands in catalysis in polar media (Scheme 1.13). The 
chemistry of these derivatives started to develop in the 1990s, when 
[(3-guanidinium)propyl]phenylphosphines (XXV) were prepared and studied as catalysts for 
the Heck reaction in water.[103] Especially high activities, exceeding that of TPPTS, exhibited 
these ligands in Castro-Stephens coupling in aqueous acetonitrile.[104] Later, guanylated 
triphenylphosphines (XXVI and XXVII) were prepared and their catalytic activity was examined 
in Castro-Stephens coupling,[104] in Sonogashira coupling in water,[105] and in Suzuki-Miyaura 
cross-coupling performed in aqueous ethyleneglycol.[106] Chiral phosphinoguanidinium salts 
derived from BINAP (XXVIII) were evaluated in asymmetric hydrogenation reactions,[107] while 
diphosphine guanidinium salts based on xanthene backbone (XXIX) showed good activities and 
high regioselectivities in hydroformylation of oct-1-ene performed in ionic liquids. The catalyst 
immobilised in ionic liquid could be recycled and used for several subsequent runs.[108] Recently, 
two types of ferrocene-based guanidinium phosphines, in which the guanidinium tag was 
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connected to ferrocene scaffold by amide (XXX and XXXI) or by methylene linker (XXXII), and 
their palladium(II) complexes were prepared. Their catalytic activity was probed in Suzuki-
Miyaura-type cross-coupling in aqueous reaction mixtures.[109] 
 
 
Scheme 1.13. Guanidinium-substituted phosphines.  
 
  Second group of ligands consists of phosphines bearing neutral guanidine substituents 
(Scheme 1.14). First examples of these ligands were diorganophosphinous-N-(N’,N’,N’’,N’’-
tetramethyl)guanidines and organophosphonous-bis-N-(N’,N’,N’’,N’’-tetramethyl)guanidines 
(XXXIII and XXXIV), in which guanidine moiety is directly bonded to the phosphorus atom. 
Coordination chemistry of these compounds with transition metal carbonyls was studied. In 
most cases, these compounds acted as P-monodentate ligands with the exception of a 
tricarbonylmolybdenum(0) complexes wherein they coordinated as P,N-chelating and 
P,N,N-bis-chelating ligands.[110] Stelzer described triphenylphosphine derivative equipped with a 
guanidine fragment in meta- and para-position of the phenyl ring. However, he only used these 
phosphines as intermediates in the synthesis of the corresponding guanidinium salts mentioned 
above.[106] On the other hand, triphenylphosphine functionalised with guanidine in ortho-
position (XXXV) was used to study rhenium(I)-formyl bond formation. In this particular case, 
the guanidine tag served as a base assisting the heterolytic hydrogen cleavage.[111] Only recently, 
guanidine attached by an ethylene spacer to PPh2 group (XXXVI) was formed in situ and 
immediately coordinated to (pentamethylcyclopentadienyl)rhodium(III) fragment. Subsequent 
chloride abstraction and deprotonation provided P,N,N-bis-chelate complex. It was also 




Scheme 1.14. Neutral phosphinoguanidines and their complexes. 
 
  It is apparent, that guanidine phosphines have been studied only scarcely thus far, 
although, as it can be deduced from the reported examples, they possess a great potential for 
application in catalysis either as highly polar or cooperating ligands. Preparation of new ligands 
of this type (and their complexes) leading to a better understanding of these compounds is 




2. Aims of the Thesis 
The research presented in this Thesis targets on the synthesis and characterisation of novel 
ferrocene-based phosphines equipped with additional guanidine functional substituents. It is 
motivated by the lack of examples and information about this type of ligands – not only in 
ferrocene chemistry, but in general. Literature search revealed that the reported examples of 
these compounds can be generally divided into two categories, i. e., phosphines with cationic 
guanidinium pendants and neutral phosphinoguanidines, as illustrated in the Introduction. 
Following this categorisation, two series of new ferrocene derivatives were designed (Scheme 
2.1). 
 Ligands of Series A are ferrocene phosphines bearing flexible guanidinium pendants and 
were proposed as a continuation of my previous work, during which phenyl-substituted 
derivative (compound XXXII in Scheme 1.13) was prepared and characterised.[109b] This ligand 
provided promising results in preliminary catalytic tests. Therefore, I decided to build upon this 
topic and to prepare a series of ligands differing by their phosphine substituents with the aim to 
find a general and reliable synthetic route to these donors. The next goal was to evaluate these 
ligands in common metal-catalysed reactions such as Suzuki-Miyaura-type cross-couplings or 
hydroformylation with emphasis on the effect of the guanidinium tag and phosphine 
substituents on catalytic performance of these compounds. 
   Ligands of Series B were designed in view of the so far insufficient research on neutral 
phosphinoguanidines and, additionally, on 1,1’-substituted ferrocene-based P,N-donors with 
nitrogen atom directly attached to the ferrocene backbone. It was inspired by their donor-
symmetric analogues, namely by dppf (compound III in Scheme 1.4) and ferrocene 
bis(guanidines).[75b] The ligands of this series were proposed as new donor-unsymmetric 
P,N-hybrid ligands, the first of their kind. The main goal was to develop a convenient synthetic 
pathway to these ligands and, subsequently, to study their coordination behaviour towards 








3. Summary of the results  
3.1  Phosphinonitriles R2PfcCN as intermediates on the way to ligands of Series A and as 
ligands for gold(I)-catalysis 
Phosphinoamines of the formula R2PfcCH2NH2 (1, fc = ferrocene-1,1’-diyl) are crucial 
intermediates in the synthesis of phosphinoguanidines of Series A. The original phenyl-
substituted derivative 1c was prepared by a multi-step procedure (Scheme 3.1).[63a] In the first 
step, diphenylphosphino group was introduced by lithiation and phosphinylation of 
1,1΄-dibromoferrocene. In the following step, the second cyclopentadienyl ring was formylated 
to produce an aldehyde, which was subsequently converted into an oxime. The reduction of the 
oxime ultimately provided 1c, which was isolated as a hydrochloride. However, this procedure, 
despite it proved reliable for the synthesis of 1c, could bring several drawbacks when 
considering the synthesis of compounds with varied phosphine substituents. The most striking 
issue is that the most sensitive group, i. e., the phosphine moiety, is installed already during the 
first step, which could require additional protecting and deprotecting steps, especially in the 
case of alkyl-phosphines which are prone towards oxidation. 
 
 
Scheme 3.1. The original synthesis of phosphinoamine 1c. 
 
  Therefore, an alternative and more general procedure was proposed and applied, which 
was based on phosphinonitriles 5 as precursors of phosphinoamines 1 (Scheme 3.2). Lithiation 
of 1,1’-dibromoferrocene (2) with 1 equivalent of n-butyllitihium followed by cyanation with 
p-tosyl cyanide provided, after column chromatography and crystallisation, stable bromonitrile 
3[113,72d] in 75% yield. This reaction sequence could be performed on a multigram scale and 3 is, 
therefore, easily accessible starting material for further syntheses. Additionally, a compound of 
intense purple colour, which is rather uncommon for ferrocene derivatives, was isolated as a 
minor side-product of the aforementioned reaction. This compound was identified by X-ray 
diffraction analysis as N-[bis(1’-bromoferrocenyl)methylene]cyanamide (4). Its formation could 
be explained by the reaction of lithiated bromoferrocene with 3 present in the reaction mixture 
followed by the reaction of the resulting imine salt with p-tosyl cyanide. This side-reaction is 
affected by the concentration of the reaction mixture and is suppressed in diluted solutions. 
  The bromonitrile 3 was converted by the standard lithiation/phosphinylation sequence 
into a series of phosphinonitriles 5 with varied substituents at the phosphorus atom. This series 
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included a pair of phosphines with electronically and sterically similar electron-donating alkyl 
groups, namely iso-propyl (5a) and cyclohexyl (5b), and a pair of compounds with flat, 
conjugated, electron-withdrawing aryl groups, specifically phenyl (5c)[72a] and 2-furyl (5d), as 
the phosphine substituents. All of these compounds were isolated as air-stable crystalline solids 
in good to excellent yields after column chromatography and crystallisation. Subsequently, they 
were employed in the synthesis of phosphinoamines 1 (see section 3.2). 
 
 
Scheme 3.2. The synthesis of phosphinoamines 1 employing phosphinonitriles 5 as the key 
intermediates. 
 
  Moreover, with the electronically distinct phosphines 5 in hands and inspired by 
successful applications of the phenyl-substituted congener 5c in gold(I)-mediated catalysis,[72b,73] 
the influence of phosphine substituents on the catalytic properties of these ligands was assessed. 
For this purpose, dimeric, self-stabilised gold(I) complexes 7 were prepared as precatalysts by a 
two-step procedure (Scheme 3.3). The phosphinonitriles 5 were reacted with 
chloro(tetrahydrothiophene)gold(I) to almost quantitatively produce complexes 6. Subsequent 
chloride removal with silver(I) hexafluoroantimonate resulted in the formation of dimeric 
complexes 7 as bench-stable gold(I) precatalysts stabilised by nitrile coordination. Additionally, 
the reaction of phosphinonitriles 5 with potassium selenocyanate[114] provided the 
corresponding phosphinoselenides 8. 
 
 





  All newly prepared compounds were characterised by standard spectroscopic methods. 
Additionally, molecular structures of compounds 5d, 6d, 7d (structures of this furyl-substituted 
compounds are depicted in Figure 3.1), 6a, 6b and 7b were determined by single-crystal X-ray 
diffraction analysis. For details and structural parameters see Appendix A. 
 
 
Figure 3.1. ORTEP drawings of the molecular structures of compounds 5d, 6d and of the cation 
of 7d. Displacement ellipsoids enclose the 30% probability level. 
 
  The electronic properties of phosphines 5 were assessed through several parameters 
(Table 3.1). The interaction constants 1JPSe of selenides 8 indicated that, due to the presence of 
electron-withdrawing nitrile group, phosphines 5 were poorer σ-donors than their respective 
unsubstituted analogues FcPR2 (Fc = ferrocenyl), and that furyl-substituted phosphine 5d was 
the least donating derivative in the series, whereas cyclohexyl-substituted phosphine 5b was the 
best σ-donor. This conclusion was further supported by νCN stretching frequencies for complexes 
7. The highest value for complex 7d suggested that the shift of electron density from weakly 
anti-bonding molecular orbital to σ-donating lone pair of the nitrile group coordinated to gold(I) 
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cation was the most significant in this complex, compensating the influence of the π-accepting 
phosphine group. This was in agreement with a loss of the stabilisation energy for dimer 
dissociation Edis obtained by DFT calculations. 
 
Table 3.1. Selected parameters illustrating properties of compounds 5, 7 and 8. 
Parameter 
Ligand 
5a 5b 5c 5d PPh3 
k [10-3 min-1] [a] 20.8(2) 20.2(2) 32.5(7) 32.9(10) 25.7(7) 
νCN for 5 [cm-1] [b] 2224 2225 2225 2228 – 
νCN for 7 [cm-1] [b] 2263 2256 2273 2274 – 
Edis for 7 [kcal mol-1] [c] 27.4 26.8 29.4 32.9 – 
1JPSe for 8 [Hz] [d] 715 708 741 777 735 [e] 
1JPSe for FcPR2(Se) [Hz] [f] 700 n. a. 733 769 – 
[a] Rate constants of the gold(I)-catalysed cyclisation of propargyl amides 9 determined from 
fitting the kinetic profile in the range of 10-60 min. [b] IR spectra recorded in Nujol mulls. [c] 
Dissociation energies of isolated dimeric cations calculated by DFT. [d] NMR spectra recorded in 
CDCl3. [e] Data adopted from ref. [115]. [f] Data adopted from ref. [116].  
 
  Gold(I)-mediated cyclisation of N-propargyl amides (9) into 2-substituted 
5-methyleneoxazolines (10)[117] was selected as a model reaction for catalytic studies with 
complexes 7 (Scheme 3.4). Using 1 mol.% of the Au(I) precatalyst, the cyclisation  of the 
prototypical phenyl-substituted substrate 9a was completed at room temperature within 
3 hours for all precatalysts 7. However, the phosphine substitution had a substantial impact on 
the reaction kinetics (Figure 3.2). The reaction rate qualitatively correlated with the donor 
properties of the phosphines. The precatalysts with the less donating phosphines (7d and 7c) 
reacted significantly faster than their electron-rich analogues (7a and 7b). Interestingly, when 
the archetypal complex [Au(MeCN)(PPh3)][SbF6][118] was used as the precatalyst, the reaction 
rate was just in between the values obtained for the aforementioned two groups of complexes 7, 
as could be predicted by comparing the interaction constants 1JPSe. 
 
 






Figure 3.2. Kinetic profiles of the cyclisation of 9a to 10a catalysed by different Au(I) catalysts. 




Figure 3.3. Kinetic plots (ln(c/c0) vs. time) for cyclisation of 9a with precatalysts 7a and 7d 















































  The kinetic profiles indicated that the cyclisation was a first-order reaction with respect 
to the amide substrate. However, a departure from an ideal profile was observed at higher 
conversions suggesting a partial decomposition of the catalyst, especially for the electron-poor 
phosphines (Figure 3.3). This assumption was confirmed by another experiment, in which an 
additional equivalent of substrate 9a was added to the reaction mixture with 7d as the catalyst 
after 1 hour (at that time, nearly 90% conversion of the initial equivalent of 9a was achieved). 
The cyclisation of the second equivalent of 9a proceeded at a slower rate (approximately a half 
of the original value). 
 
 
Figure 3.4. The dependency of the reaction rate for cyclisation of 9a on gold concentration. 
   
  Expectedly, lowering of the catalyst loading slowed down the reaction but, interestingly, 
no threshold concentration, under which the reaction would stop, was found. The cyclisation of 
9a was initiated with as little as 0.03% of Au(I) when using 7d as precatalyst (Figure 3.4). 
Conversely, the reaction did not proceed in the presence of strongly coordinating chloride 
anions, presumably due to regeneration of catalytically inactive complexes 6. 
  In summary, complexes 7 proved to be unique self-stabilised and highly active 
precatalysts for gold(I)-catalysed reactions, whose catalytic properties could be fine-tuned 
through phosphine substitution. 
 
3.2 The phosphinoguanidinium ligands of Series A – synthesis and catalytic properties 
The reduction of phosphinonitriles 5 with lithium aluminium hydride provided 
phosphinoamines 1 in nearly quantitative yields. However, these compounds were poorly 
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defined hygroscopic materials prone towards oxidation and, therefore, were immediately used 
for the reaction with 1H-pyrazole-1-carboxamidine hydrochloride in the presence of 
triethylamine to produce phosphinoguanidinium chlorides 11 in good yields (around 70% over 
two steps) after purification by column chromatography and crystallisation (Scheme 3.5). 
Phosphines 11 were isolated as well-defined crystalline solids and no oxidation was observed 
upon storing for several months. The compounds were characterised by common spectroscopic 
techniques and the molecular structures of the iso-propyl- and of the furyl-substituted 
derivatives (11a and 11d) were determined by single-crystal X-ray diffraction (Figure 3.5). 
 
 




Figure 3.5. ORTEP diagrams of the molecular structures of ligands 11a and 11d. Displacement 
ellipsoids are scaled to the 30% probability. 
 
  Phosphines 11 were further reacted with di-μ-chloro-tetracarbonyldirhodium(I) to 
produce rhodium(I) complexes 12 which were isolated in essentially quantitative yields as 
slightly hygroscopic, poorly soluble solids (Scheme 3.6). The carbonyl stretching frequencies νCO 
of complexes 12 served as a measure of donor properties of phosphines 11 and the values 1946 
(12b) ≈ 1947 (12a) < 1970 (12c) < 1982 (12d) cm–1 indicated a decrease in the donor ability 




Scheme 3.6. The preparation of rhodium(I) complexes 12. 
 
  Phosphinoguanidinium chlorides 11 were employed as supporting ligands in palladium-
catalysed Suzuki-Miyaura-type reactions. The catalytic properties of 11 were initially probed in 
a reaction between aromatic acyl chlorides and boronic acids producing substituted 
benzophenones.[119] In a model reaction, p-toluoyl chloride was reacted with 4-(trifluoro-
methyl)phenyl boronic acid in the presence of sodium carbonate as a base and 0.1 mol.% of a 
catalyst generated in situ from palladium(II) acetate and the selected phosphine in a vigorously 
stirred C6D6/water mixture at 50°C for 1 hour. The conversion was then evaluated by 
quantitative 19F NMR using (trifluoromethyl)benzene as an internal standard. In the absence of a 
phosphine ligand, the reaction proceeded rather poorly. The yield increased rapidly, when a 
phosphine was introduced, however, the performance of ligands 11 was only comparable with 
that of simple phosphines such as triphenylphosphine (Table 3.2). 
 
Table 3.2. NMR yields for the model reaction of p-toluoyl chloride with 4-(trifluoro-
methyl)phenyl boronic acid using various in situ generated catalysts (the yields reported are an 








Pd(AcO)2 30% Pd(AcO)2/11a 80% 
Pd(AcO)2/PPh3 83% Pd(AcO)2/11b 84% 
Pd(AcO)2/PCy3 85% Pd(AcO)2/11c 93% 
Pd(AcO)2/FcPPh2 86% Pd(AcO)2/11d 95% 
 
   
  The conversions obtained within the series of ligands 11 indicated the correlation with 
donor properties of the phosphine since the reaction proceeded best in the presence of the least 
donating phosphine and vice versa. Unfortunatelly, no clear trend was confirmed in the 
subsequent study with different substrates (Table 3.3). Actually, the observed conversions 
31 
 
suggested that in each case the reaction outcome resulted from a complicated interplay between 
electronic properties of the substrates and electronic and steric properties of the ligands. 
Nevertheless, in all cases conversions of 65% or higher were achieved. Among the ligands 11, 
the catalytic system based on phenyl-substituted phosphine 11c provided the most uniform 
results. As for the substrates, the reactions proceeded generally better with electron-poor 
4-(trifluoromethyl)phenyl boronic acid. Conversely, lower conversions were typically achieved 
in the reactions of trifluoromethyl-substituted benzoyl chlorides. 
 
Table 3.3. The evaluation of the influence of the phosphine ligands 11 on the cross-coupling of 













   
   
  Surprisingly, the results obtained for the “classical” Suzuki-Miyaura cross-coupling 
between boronic acids and aryl bromides producing substituted biphenyls performed under the 
same reaction conditions were quite different (Table 3.4). Negligible conversions were obtained 
when the reaction was catalysed with unsupported palladium(II) acetate and the yields 
remained low even when electron poor aryl-substituted phosphines were added. On the other 
hand, in the presence of electron-rich alkyl-substituted phosphines, the yields increased 
significantly. The best results were obtained with the cyclohexyl-substituted ligand 11b, which 
can be attributed to a combined effect of the strongly donating bulky phosphine group and the 
hydrophilic guanidinium tag (the conversions achieved with tricyclohexylphosphine were 





11a 11b 11c 11d 
Me CF3 80% 84% 93% 95% 
CF3 Me 82% 71% 81% 70% 
H CF3 89% 82% 88% 81% 
CF3 H 69% 72% 74% 66% 
CF3 CF3 89% 85% 87% 91% 
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Table 3.4. Suzuki-Miyaura cross-coupling catalysed by various in situ generated catalysts (the 




R1 = Me, R2 = CF3 R1 = CF3, R2 = Me 
Pd(AcO)2 <1% 5% 
Pd(AcO)2/PPh3 6% 25% 
Pd(AcO)2/PCy3 38% 29% 
Pd(AcO)2/FcPPh2 8% 56% 
Pd(AcO)2/11a 52% 75% 
Pd(AcO)2/11b 47% 91% 
Pd(AcO)2/11c 14% 34% 
Pd(AcO)2/11d 9% 7% 
 
  In addition to the aforementioned palladium(II)-catalysed reactions, phosphines 11 
were also tested in rhodium(I)-catalysed hydroformylation of 1-hexene employing defined 
complexes 12 as precatalysts. The reactions were performed at a hexene-to-rhodium ratio of 
400 without any additional co-catalyst under 10 bar of synthesis gas at 80 °C for 5 hours. 
Disappointingly, the conversions were negligible (below 10%) for the reactions performed in 
neat 1-hexene, toluene or water. Substantially better results were obtained when 
dimethylsulfoxide was used as a solvent, presumably due to increased solubility of precatalysts 
12. In DMSO, almost quantitative conversions were achieved for the most of the catalyst with the 
exception of the furyl-substituted compound 12d, for which dissociation of weakly coordinating 
phosphine group presumably led to catalyst deactivation (Table 3.5). In all cases, heptanals 
were produced with a high selectivity; the fraction of the isomerised product, i. e., 2-hexene, was 
below 4%. The selectivities towards the linear aldehydes were rather moderate and were 
affected by donor ability of the phosphine ligands. Electron-poor phosphines in 12c and 12d 
favoured the formation of linear products, whereas precatalysts 12a and 12b featuring electron-
rich phosphine moieties led to formation of almost equal amounts of linear and branched 
products. Expectedly, increasing a hexene-to-rhodium ratio led to the decrease of achieved 




Table 3.5. The results of the hydroformylation experiments. Conditions: 0.75 mL 1-hexene 
(6 mmol), dimethyl sulfoxide (0.75 mL), 10 bar of syngas (H2/CO = 1:1), 80 °C, reaction time 5 h. 
Catalyst 1-Hexene:Rh Conv. [%] 2-Hexene [%] Aldehydes [%] n/iso 
12a 400 95 1 94 1.1 
12a 800 92 2 92 1.1 
12a 1600 8.4 0.1 8.3 1.4 
12b 400 99 1 98 1.1 
12b 800 85 1 84 1.1 
12b 1600 51 1 50 1.2 
12c 400 99 4 95 2.2 
12c 800 93 4 89 2.3 
12c 1600 47 1 46 2.6 
12d 400 59 2 57 2.6 
12d 800 53 1.3 52 2.7 
12d 1600 43 1 42 2.8 
 
 
3.3 The phosphinoguanidine ligands of Series B – synthesis and coordination chemistry 
Inspired by the previously published N,N’,N’’-trisubstituted ferrocenyl guanidines,[120] 
phosphinylated analogues of these compounds, ligands 13, were proposed as new donor-
unsymmetric, hybrid P,N-ligands. Initially, phosphinoguanidines 13 were synthesised following 
the procedure employed for their non-phosphinylated analogues.[121,120] Thus, phosphinoamine 
14 was reacted with the corresponding carbodiimide in the presence of a catalytic amount of 
diethylzinc in toluene at 50 °C. However, compared to the original report, higher amounts of the 
catalyst and longer reaction times were required, especially in the reactions with carbodiimides 
bearing bulky substituents. Therefore, complementary procedure was applied, in which amine 
14 was firstly deprotonated with n-butyllithium to form an amide salt, which was in turn 
reacted with the carbodiimide to cleanly and rapidly produce the target compounds (Scheme 
3.5). Both procedures afforded phosphinoguanidines 13 in good yields as air-stable crystalline 
materials – iso-propyl-substituted 13a and 2,6-xylyl-substituted 13c – or as an amorphous solid 
– cyclohexyl-substituted 13b. The compounds were characterised by the common spectroscopic 





Scheme 3.5. The synthesis of phosphinoguanidines 13.   
 
 
Figure 3.6. Molecular structures (ORTEP) of ligands 13a and 13c with the 30% probability 
displacement ellipsoids.  
   
  In the case of the xylyl-substituted compound 13c, the imino-form 13c’ was the more 
stable tautomer in the solid state, as confirmed by the X-ray structural analysis. In solution, 
however, an equilibrium between the tautomeric forms was observed at room temperature 
(Scheme 3.6). VT NMR experiments showed that at low temperatures (0 °C or below), the 
imino-form 13c’ was the only tautomer present in the mixture. Upon increasing temperature, 
however, a dynamic equilibrium with the amino-form 13c was established, which resulted in an 
averaging of the NMR signals. Notably, only the amino-form was observed for the compounds 
13a and 13b. This could be rationalised assuming that the alkyl-substituted nitrogen atoms in 
13a and 13b are more basic than the ferrocenyl-substituted one, favouring the amino-form. On 
the other hand, in 13c all guanidine substituents are aromatic and, consequently, the nitrogen 





Scheme 3.6. Tautomeric forms of the xylyl-substituted phosphinoguanidine 13c. 
 
     The coordination preferences of ligands 13 were probed via reactions with 
palladium(II) precursors. In the reaction with 1 equivalent of [PdCl2(MeCN)2], 
phosphinoguanidines 13a and 13b provided selectively the cis-chelated complexes 15a and 15b 
(Scheme 3.7). These complexes were isolated as crystalline solids and their structures were 
confirmed by single-crystal X-ray diffraction (Figure 3.7). The same reaction employing ligand 
13c provided a mixture of three major species, possibly due to the increased steric bulkiness of 
the ligand. The products were identified as the expected cis-chelate product 15c, the chloride-
bridged dimer [PdCl(μ-Cl)(13c-κP)]2, and the cationic complex [PdCl(13c-κ3P,N,Fe)]Cl. 
Unfortunatelly, none of these complexes could be isolated in a pure form. 
 
 
Scheme 3.7. The preparation of the palladium(II) complexes 15 and 16.   
 
  The reactions of complexes 15a and 15b with silver(I) salts resulted in the formation of 
cationic complexes 16a, 16a’ and 16b, in which the loss of one of the chloride ligands is 
compensated by Fe→Pd dative interaction (Scheme 3.7). Complex 16a’ was alternatively 
prepared by the reaction of 13a with [Pd(MeCN)4][BF4]2 in the presence of NBu4Cl as the 
chloride source. Analogous complex 16c was prepared by adding Ag[SbF6] to the mixture of 13c 
and [PdCl2(MeCN)2] (note that the intermediate complex 15c could not be isolated). The 
reactions of complexes 16 with 1 equivalent of NBu4Cl regenerated complexes 15 with the 
exception of complex 16c, for which the same mixture of species as described above was 





Figure 3.7. Views of structures of complexes 15a and 15b with displacement ellipsoids set to 
the 30% probability level. 
 
  The molecular structures of complexes 16a, 16b and 16c·1/4CH2Cl2, i. e., the complexes 
with [SbF6]– as a counter-anion, were determined by X-ray diffraction analysis (Figure 3.8). The 
Fe-Pd distances found in these structures (16a: 2.7590(5) Å; 16b: 2.7956(5) Å; 16c: 2.7821(5) 
Å) are slightly longer than the sum of the covalent radii (2.71 Å).[122] Interestingly, the values 
were roughly halfway between those determined for similar complexes of symmetrical 
bis-phosphines (2.877(2) Å in [Pd(dppf-κ3P,P΄,Fe)(PPh3)])[123] and of bis-guanidines (2.714(1) Å 
in [PdCl{Fe(η5-C5H4NC(NMe2)2)2}-κ3N,N΄,Fe)][PdCl4])[75b]. The nature of the bonding interactions 
in complexes 16 was extensively studied by physicochemical techniques (NMR spectroscopy, 
UV-Vis spectroscopy, Mössbauer spectroscopy and cyclic voltammetry) in combination with DFT 
calculations. For detailed discussion of the results see Appendix C. 
 
Figure 3.8. Structures of cations in complexes 16a, 16b and 16c·1/4CH2Cl2 with displacement 
ellipsoids at the 30% probability level. Anions and solvent molecules are omitted for clarity.
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  During subsequent reactivity studies described below, only the prototypical iso-propyl-
substituted guanidine 13a was used as a model ligand (see Appendix D for the description of the 
experiments). Thus, in the reaction of 13a with platinum(II) precursor [PtCl2(DMSO)2], the 
cis-chelated complex 17 was selectively produced, which was isostructural with the 
palladium(II) complex 15a. The subsequent chloride removal using sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (Na[BArF]) resulted in the formation of chloride-bridged 
dimeric cationic complex 18 (Scheme 3.8). Interestingly, no signs of a complex that would be a 
platinum(II) analogue of 16a were found in the spectra of the crude reaction mixture containing 
18 as the sole product. This resembled the reactivity of ferrocene bisphosphines, among which 
only the most sterically demanding ones coordinated to platinum(II) in κ3P,P΄,Fe fashion, 
whereas the less bulky ligands formed halogen-bridged dimers.[124] Notably, attempts to perform 
the analogous reaction sequence, i.e, coordination of 13a followed by halogen abstraction, with 




Scheme 3.8. Preparation of the platinum(II) complexes 17 and 18. 
 
  The 1H NMR spectra of complexes 17 and 18 indicated chelation-induced, fixed 
conformations of the ferrocene ligands, which make the ferrocene protons diastereotopic. 
Therefore, eight resonances in the range of 3.9-5.5 ppm were observed in the spectra of 17. In 
the spectra of 18, multiple signals were found in the region of 4.0-5.6 ppm due to presence of all 
four possible stereoisomers of 18 in the solution (each represented by eight ferrocene proton 
signals). The ratio of the isomers was not constant. The two major and two minor isomers 
observed immediately after dissolving the crystalline material equilibrated over time (ca. 24 h) 
to the approximately 1:1:1:1 mixture. The coordination of the ligand was further confirmed by 
the 31P NMR spectra displaying one singlet with 195Pt satellites (δP = 2.2 ppm, 1JPPt = 4125 Hz) in 
the case of 17, and four singlets with 195Pt satellites (δP = 2.3, 3.0, 5.0, 5.4 ppm; the 1JPPt 
interaction constants were not resolved) in the case of 18. The shift of the ν(CN) stretching 
bands towards lower wavelengths compared to the free ligand (ν(CN) ≈ 1580 cm–1 in 17 and 18 
vs. 1594 cm–1 in 13a) in the IR spectra of complexes 17 and 18 additionally confirmed the 
coordination of the imine-type nitrogen of the guanidine group.[125] 
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  The molecular structures of complexes 17 and 18·2CHCl3 were determined by X-ray 
diffraction analysis (Figure 3.9 and Table 3.6). In both cases, the coordination substantially 
affected the geometry of the ligand donor groups. In comparison with the free ligand 13a, the 
shift of electron density from donor atoms to platinum(II) centre resulted in a shortening of the 
P-C bonds of the phosphine group and in an elongation of the C6-N1 and N1-C23 bonds of the 
guanidine unit. The induced partial positive charge at the C23 atom was then compensated by 
electron density shift from the iso-propyl-substituted nitrogen atoms, which was manifested 
through a shortening of the C23-N2 and C23-N3 bonds. Nevertheless, the C23-N1 bond remained 
the shortest in the CN3 unit, partially retaining its imine-like nature. The cyclopentadienyl rings 
of ferrocene scaffold in both structures were forced into the 1,1΄-conformation;[126] however, the 
tilt angles of the rings remained small (below 5°). The geometry at the platinum(II) centre in 
complex 17 was roughly similar to that of its palladium(II) analogue 15a (see Appendix C). 
Finally, although structures 17 and 18·2CHCl3 formally shared the same set of donor atoms 
around platinum(II) centre and the general trends such as the effect of the trans-influence[127] 
were preserved, small but significant differences could be observed between those two 
geometries. Compared to those in 17, the Pt-P and Pt-N1 distances were shorter and, conversely, 
the Pt-Cl distances were longer in 18·2CHCl3 due to dimeric nature of this complex. Also, the 
Cl-Pt-Cl angle (≈ 84°) in 18·2CHCl3 departed more significantly from the ideal value for the 
square-planar geometry (90°). The dihedral angle between {P, Pt, N1} and {Cl, Pt, Cl(a), Pt(a)} 
planes 6.01(8)° described the chloride-bridged dimeric unit in 18·2CHCl3 as essentially planar. 
 
 
Figure 3.9. Structural diagrams of complex 17 and the cation in compound 18·2CHCl3 (the 
anion and solvent molecules are omitted for clarity). The displacement ellipsoids enclose the 




Table 3.6. Selected distances and angles for platinum(II) complexes 17 and 18·2CHCl3 (in Å and 
deg). 
Parametera 17 18·2CHCl3 
Pt-P 2.243(2) 2.2370(8) 
Pt-N1 2.042(5) 2.029(3) 
Pt-Cl(trans)b 2.372(1) 2.4047(8) 
Pt-Cl(cis)b 2.296(2) 2.3221(8) 
P-Pt-N1 92.4(2) 93.73(8) 
Cl(trans)-Pt-Cl(cis)b 88.66(5) 83.78(3) 
P-Pt-Cl(cis)b 93.06(5) 93.07(3) 
N1-Pt-Cl(trans)b 85.7(2) 89.12(8) 
Fe-Cg1/Fe-Cg2 1.647(2)/1.645(3) 1.633(1)/1.639(2) 
Cp1,Cp2 4.9(3) 1.5(2) 
τ –2.2(5) –12.0(2) 
P-C1 1.787(7) 1.791(3) 
P-C11/P-C17 1.821(5)/1.841(6) 1.816(3)/1.816(3) 
C6-N1 1.419(8) 1.429(4) 
C23-N1 1.330(8) 1.342(4) 
C23-N2 1.340(8) 1.343(4) 
C23-N3 1.352(8) 1.349(4) 
N1-C23-N2/N3 118.1(5)/123.3(6) 119.2(3)/119.6(3) 
N2-C23-N3 118.6(6) 121.3(3) 
N2-C24/N3-C27 1.464(8)/1.471(8) 1.485(4)/1.482(4) 
a Definitions: Cp1 and Cp2 are the cyclopentadienyl rings C(1-5) and C(6-10), respectively; Cg1/Cg2 are 
their centroids. τ torsion angle C1-Cg1-Cg2-C6. b Cl(trans)/Cl(cis) represent the Cl atoms in positions 
trans/cis with respect to the P atom. 
 
 
  Guanidines 13 reacted with acids to form corresponding guanidinium salts, as it was 
demonstrated by the reaction of 13a with hydrogen chloride (Scheme 3.9). The reaction 
proceeded instantaneously and, after evaporation of solvents and crystallisation, guanidinium 
chloride 19 was obtained in a good yield as a stable crystalline solid. It is worth mentioning that 
reaction times longer than 5 minutes resulted in a gradual oxidation of 19, as the phosphine 
group was more prone to oxidation in the acidic environment. The chloride 19 could be 
advantageously used as a starting material for the synthesis of diverse guanidinium salts varying 
in the counteranion by salt metathesis reactions. In this regard, guanidinium 
hexafluoroantimonate(V) 20 was prepared by metathesis of 19 with potassium 
hexafluoroantimonate(V) (Scheme 3.9). Crystallisation of the crude product from 
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dichloromethane/hexane mixture resulted in isolation of dichloromethane solvate 20·CH2Cl2. 
Upon storage, the clathrated solvent was slowly released over the period of several weeks, 
resulting in disintegration of the original crystalline material into powder. 
 
 
Scheme 3.9. Preparation of guanidinium phosphines 19 and 20. 
 
  The NMR spectra of guanidinium salts 19 and 20 did not differ substantially from those 
of neutral guanidine 13a. In the 1H NMR spectra, the observed signals shifted only slightly while 
remaining in the expected regions. The most significant change in the 13C NMR spectra was a 
shift of the Cipso atom of the ferrocene scaffold directly bonded to the guanidinium unit to lower 
frequencies (ΔδC ≈ 20 ppm), which is consistent with a decrease in electron density at the 
nitrogen atom after protonation. Conversely, the signal of the Cipso atom of the guanidinium 
moiety shifted only negligibly (ΔδC ≈ 3 ppm). In the 31P NMR spectra, the phosphine group was 
expectedly manifested as a slightly broadened singlet at δP ≈ –20 ppm. In the IR spectra of 
compounds 19 and 20, the signals attributable to N-H stretching (3000-3500 cm–1) were 
significantly broadened, presumably due to intermolecular hydrogen bonding. Furthermore, the 
C-N stretching modes of guanidinium group were shifted to higher wavelengths (approximately 
1635 cm–1 and 1610 cm–1) compared to the parent 13a. 
  The molecular structures of guanidinium salts 19 and 20·CH2Cl2 were authenticated by 
X-ray diffraction analysis (Figure 3.10 and Table 3.7). The most significant differences in the 
structures of these molecules in comparison to neutral phosphinoguanidine 13a could be 
expectedly found in the geometry of the guanidinium unit. The protonation occurring at the N1 
nitrogen atom was accompanied by the loss of its imine-like character, which led to elongation of 
the N1-C23 and N1-C6 bonds. Conversely, delocalisation of the positive charge over the 
guanidinium unit resulted in a shortening of the C23-N2 and C23-N3 bonds. Overall, the 
delocalised CN3 unit was almost planar with the N-C-N angles close to the ideal value 120°. The 
C-N bond lengths were in the range of 1.32-1.35 Å (which are values in-between those typical for 
single and double C-N bonds), the longest being the N1-C23 bond. Dihedral angles between the 
least-square planes {C23, N1, N2, N3} of the guanidinium moiety and {C(6-10)} of 
cyclopentadienyl ring were 44.38(8)° in 19, and 75.5(2)° in 20·CH2Cl2. Otherwise, the 
(diphenylphosphino)ferrocene units in both molecules showed regular geometries comparable 
with other structurally related compounds. The cyclopentadienyl rings adopted an approximate 
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1,3΄-conformation in 19 (τ ≈ 135°) and, rather surprisingly, a more sterically strained 
1,1΄-conformation in 20·CH2Cl2 (τ ≈ –19°).[126] 
 
 
Figure 3.10. ORTEP drawings of guanidinium phosphines 19 and 20·CH2Cl2 (the solvent 
molecules are omitted for clarity) with the displacement ellipsoids set to the 30% probability 
level. 
 
Table 3.7. Selected distances and angles for guanidinium salts 19 and 20·CH2Cl2 (in Å and deg). 
Parametera 19 20·CH2Cl2 
Fe-Cg1/Fe-Cg2 1.6487(7)/1.6586(7) 1.649(1)/1.654(1) 
Cp1,Cp2 6.02(8) 3.6(2) 
τ 135.22(9) –18.8(2) 
P-C1 1.818(1) 1.814(3) 
P-C11/P-C17 1.835(1)/1.838(1) 1.829(3)/1.832(3) 
C6-N1 1.413(2) 1.420(4) 
C23-N1 1.351(2) 1.347(3) 
C23-N2 1.333(2) 1.326(4) 
C23-N3 1.331(2) 1.325(4) 
N1-C23-N2/N3 118.5(1)/119.8(1) 119.8(3)/118.9(3) 
N2-C23-N3 121.7(1) 121.4(3) 
N2-C24/N3-C27 1.470(2)/1.477(2) 1.474(4)/1.471(4) 
a Definitions: Cp1 and Cp2 are the cyclopentadienyl rings C(1-5) and C(6-10), respectively; Cg1/Cg2 are 




  The coordination preferences of both aforementioned guanidinium phosphines, i. e., 
compounds 19 and 20, were again studied in reactions with [PdCl2(MeCN)2] (Scheme 3.10). In 
these reactions, compound 19 resembled the structurally related compounds, namely 
guanidinium chloride 11c[109b] and ammonium chloride (Ph2PfcCH2NHMe2)Cl (XVI·HCl).[65] 
Specifically, the reaction of [PdCl2(MeCN)2] with 1 equivalent of 19 produced zwitterionic 
complex 21 as the major product (31P NMR: δP ≈ 23 ppm). When 2 equivalents of ligand 19 were 
reacted with the same precursor, cationic complex 22 was identified as the dominant product 
(δP ≈ 18 ppm). However, these compounds were accompanied by traces of other coordination 
species, namely 15a (δP ≈ 26 ppm), 16a (δP ≈ –5 ppm) and another compound, which was not 
yet identified (δP ≈ 33 ppm). Such reactivity could be attributed partly to the acid-base activity of 
the guanidinium group, but mainly to the coordination non-innocence of the chloride anion. 
Unfortunately, these compounds were inseparable from each other by precipitation or 
crystallisation, which prevented the isolation of the major products in pure form. Nevertheless, 
it was found that complex 21 could be selectively prepared by the reaction of complex 15a with 
1 equivalent of hydrogen chloride. Subsequent crystallisation of the crude product from 
saturated chloroform solution provided complex 21 as a well-defined, chloroform-solvated 
crystalline material. 
  The coordination chemistry of ligand 20 containing a non-coordinating 
hexafluoroantimonate(V) anion was more straightforward. Thus, the reaction of 20 with 
[PdCl2(MeCN)2] at 1:1 ligand-to-metal ratio produced selectively the dimeric, chloride-bridged 
complex 23, which was isolated in pure form by crystallisation. The reaction at 2:1 ligand-to-
metal ratio led to the poorly-soluble cationic complex 24, which spontaneously separated from 
the reaction mixture as a precipitate. 
 
 





  The 1H NMR spectra of complexes 21, 23 and 24 were unexceptional with all signals 
located in the expected regions. The signals due to the protons of the ferrocene scaffold (in each 
case presented as four separated multiplets of equal intensity) were observed in the range of δH 
4.3-5.3 ppm. The chemical shifts in the 13C NMR spectra were comparable to those of free 
ligands. However, signals due to the Cipso carbon atoms directly bonded to the phosphorus atom 
were split into doublets with much higher interaction constants (1JCP ≈ 60 Hz) than in the case of 
free ligands (1JCP ≈ 4 Hz). Moreover, in the spectra of 24, the interaction between carbon and two 
phosphorus nuclei resulted in appearance of characteristic virtual triplets.[128] In the 31P NMR 
spectra, signals with chemical shifts typical for the given complex type were observed: δP = 23.9 
ppm for 21, 31.2 ppm for 23 and 16.9 ppm for 24. The IR spectra of complexes 21, 23 and 24 
were roughly similar to those of free ligands with broad N-H stretching bands at 3000-3400 cm–1 
and sharp C-N stretching bands at 1600-1650 cm–1.  
 
 
Figure 3.11. Molecular structures of complexes 21·2.5CHCl3, 23·2CH2Cl2 and 24 with the 
displacement ellipsoids scaled to the 30% probability level. The hydrogen atoms, except those of 
guanidinium units, are omitted from structures of 23·2CH2Cl2 and 24 for clarity. For the same 




Table 3.8. Selected distances and angles for palladium(II) complexes 21·2.5CHCl3, 23·2CH2Cl2 
and 24 (in Å and deg). 
Parametera 21·2.5CHCl3                   23·2CH2Cl2c 24 
Fe1 Fe2 
Pd-P 2.2369(6) 2.221(2) 2.232(2) 2.3249(9) 
Pd-Cl(trans)b 2.3719(6) 2.419(2) 2.426(2) - 






















Fe-Cg1 1.654(1) 1.653(3) 1.648(3) 1.654(2) 
Fe-Cg2 1.653(1) 1.652(3) 1.649(3) 1.656(2) 
Cp1,Cp2 4.4(1) 4.5(4) 3.0(3) 7.0(2) 
τ 81.8(2) 68.2(4) –67.0(4) 141.3(3) 
P-C1 1.807(3) 1.785(6) 1.789(5) 1.798(3) 
P-C11 1.814(2) 1.802(6) 1.803(6) 1.816(4) 
P-C17 1.817(2) 1.804(6) 1.810(6) 1.815(4) 
C6-N1 1.424(3) 1.421(8) 1.423(7) 1.415(4) 
C23-N1 1.347(3) 1.320(9) 1.344(7) 1.348(5) 
C23-N2 1.329(3) 1.339(8) 1.331(7) 1.321(5) 
C23-N3 1.335(3) 1.334(9) 1.329(7) 1.326(5) 
N1-C23-N2 120.1(2) 119.5(6) 118.7(5) 119.1(3) 
N1-C23-N3 119.2(2) 120.8(6) 120.3(5) 119.8(4) 
N2-C23-N3 120.7(2) 119.7(6) 121.0(5) 121.2(4) 
N2-C24 1.471(3) 1.48(1) 1.472(8) 1.475(6) 
N3-C27 1.475(3) 1.472(9) 1.464(8) 1.469(5) 
a Definitions: Cp1 and Cp2 are the cyclopentadienyl rings C(1-5) and C(6-10), respectively; Cg1/Cg2 are 
their centroids. τ torsion angle C1-Cg1-Cg2-C6. b Cl(trans)/Cl(cis) represent the Cl atoms in positions 
trans/cis with respect to the P atom. c The asymmetric unit of 23·2CH2Cl2 comprises of two independent 
molecules, in which the corresponding atoms are labelled as follows: Fe1…Fe2; Cl1…Cl3; Cl2…Cl4; 
Cl2a…Cl4b; P1…P2; Np…N(p+50) and Cq…C(q+50).   
 
  The molecular structures of complexes 21·2.5CHCl3, 23·2CH2Cl2 and 24 were 
determined by X-ray diffraction analysis (Figure 3.11 and Table 3.8). Generally, the geometry 
of the guanidinium units in all three complexes was comparable with that of the free ligands (see 
above). On the other hand, the P-C distances were shorter as the coordination induced a shift of 
the electron density from the substituents to the phosphorus atom. As for the geometry around 
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the palladium(II) centre, bond lengths and angles in 21·2.5CHCl3 were very close to those found 
in the structurally related complexes [PdCl3{Ph2PfcCH2NHC(NH2)2}]·Me2CO[65] and 
[PdCl3{Ph2PfcCH2NHMe2}]·1.5CHCl3.[109b] In all these complexes, the Pd-P distances were 
approximately 2.24 Å, the Pd-Cl distances pertaining to chlorine atoms oriented in positions cis 
with respect to the phosphorus atom were in the range of 2.29-2.33 Å, whereas the bond from 
palladium to chlorine atom, which is trans to the phosphorus atom, was elongated due to 
trans-influence (ca. 2.38 Å). The angles around palladium(II) differed from the ideal value of 90° 
only marginally. Similar geometry around palladium(II) centres was found in both 
crystallographically independent molecules present in the structure of 23·2CH2Cl2. However, the 
Pd-Cl distances were longer, especially for the bridging chlorine atoms. The interligand angles 
were still close to 90°, but the values were not so uniform; the smallest angle was enclosed by 
the bridging chlorine atoms (ca. 85°). The chloride-bridged dimeric fragments were nearly 
planar with dihedral angles between the {P, Pd, Cl(terminal)} and {Pd, 2×Cl(bridging), Pd} 
planes below 6°. The geometry around the palladium(II) centre in 24 strongly resembled that of 
the structurally related complex [PdCl2{Ph2PfcCH2NHC(NH2)2}2]·2MeOH·2H2O.[109b] The 
coordination environment was almost ideally square-planar. However,  the P-Pd-Cl angles 
(85.93(3)°and 94.07(3)°) slightly differed from the ideal value due to steric hindrance. 
  In search for further accessible coordination modes of the phosphinoguanidine ligands, 
complexes containing deprotonated ligand 13a coordinated in a P,N,N΄-tridentate, doubly-
chelating fashion were prepared (Scheme 3.11). For this purpose, complex 15a was selected as 
a starting material producing, after deprotonation with 1 equivalent of potassium 
bis(trimethylsilyl)amide, complex 25, which was subsequently isolated by crystallisation from 
saturated diethyl ether solution in the form of its diethyl ether solvate 25·Et2O as a dark red 
crystalline solid. In the solid state, complex 25·Et2O was stable toward air and moisture, but 
labile in an acidic environment. In the reaction with 1 equivalent of HCl, it was converted back 
into the starting complex 15a. 
 
 






  Complex 25·Et2O is one of the rare examples of mononuclear palladium(II)-guanidinate 
complexes[99] and, to my best knowledge, the sole example wherein the guanidinate ligand is 
combined with a phosphine moiety. Moreover, it opened an access to complexes with varied 
ligands by chloride abstraction/ligand introduction reaction sequence. This approach was 
demonstrated by treating 25·Et2O with silver hexafluoroantimonate(V) in acetonitrile solution 
followed by reaction of the acetonitrile-stabilised intermediate with 4-(dimethylamino)pyridine 
to produce cationic complex 26, which was purified by crystallisation. It should be noted, that 
cationic complexes of this type could be potentially interesting for catalysis since they possess 
an easily accessible site for substrate coordination in the proximity of strongly basic guanidinate 
group, which in turn could activate the substrate for further reactions by deprotonation. 
However, more research in this direction is required. 
  In the 1H NMR spectra of complexes 25·Et2O and 26, the presence of two chemically 
non-equivalent iso-propyl substituents was clearly manifested as the CH3 groups gave rise to 
two well-separated doublets at high field. The signal of the CH fragment of the iso-propyl group 
attached to the deprotonated guanidine nitrogen could be observed as a simple septet in the 
case of 26, or as a doublet of septets in the case of 25·Et2O. The additional splitting was caused 
by the interaction with 31P nucleus of the phosphine group (JHP = 14.9 Hz) and was confirmed by 
recording decoupled 1H{31P} NMR spectra. The CH fragment of the other iso-propyl group was in 
both cases manifested as a doublet of septets due to the interaction with the adjacent NH proton 
(its signal was conversely observed as a doublet). The proton signals of ferrocene scaffold were 
observed as four multiplets in the range of 3.4-5.0 ppm. The signals in the 13C{1H} NMR were 
found in the expected regions. However, compared to the neutral uncoordinated ligand 13a, 
they were generally shifted to a lower field. The difference was expectedly the highest for the 
signals attributable to the nuclei directly connected to the guanidinate group, i. e., for Cipso-N of 
ferrocene scaffold (ΔδC ≈ 10 ppm) and for Cipso of guanidinate (ΔδC ≈ 20 ppm). In the 31P{1H} NMR 
spectra, the signal of the coordinated phosphine group was found at δP ≈ 35 ppm. The IR spectra 
showed the C-N stretching mode of guanidinate close to 1600 cm–1.  
  The molecular structures of complexes 25·Et2O and 26 were established by X-ray 
diffraction analysis (Figure 3.12 and Table 3.9). In both structures, the ferrocene scaffold 
adopted its regular geometry. The coordination environment enforced an approximate 
1,1΄-conformation of the cyclopentadienyl rings (τ = 10.6(1)° and 13.9(1)°, respectively),[126] but 
did not result in tilting, which remained low (below 2°). The geometry around the coordinated 
phosphorus atom was comparable to that in the parent complex 15a; however, the Pd-P 
distances were slightly shorter, which can be explained by the differences in trans-influence of 
the chloride and guanidinate ligands. Significant changes were observed in the geometry of the 
guanidinate unit. Compared to complex 15a, the deprotonation associated with the chelate 
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coordination of the guanidinate donor group led to differentiation of the C23-N bonds. The bond 
from the central carbon atom C23 to the formally deprotonated nitrogen atom N2 was 
significantly shortened (compare 1.344(3) Å in 15a and 1.310(2) Å in 25·Et2O or 1.316(2) Å in 
26) and gained a partial double bond character. Conversely, bond C23-N1 was substantially 
elongated (1.337(3) Å in 15a and 1.389(2) Å in 25·Et2O or 1.391(2) Å in 26). Bonds C23-N3 and 
C6-N1 were elongated only slightly, while the bonds to iso-propyl substituents remained 
virtually unchanged. In addition, N-C-N angles diverted from the ideal value (120°). The chelate 
coordination resulted in narrowing of the N1-C23-N2 angle (in both structures ca. 111°), and the 
angle enclosed by iso-propyl substituted nitrogen atoms was the most open (ca. 127°), possibly 
due to increased steric demands of the iso-propyl substituents. The angles were similar to those 
found for chelating N,N΄,N΄΄-triphenylguanidinate (Tpg –) ligand in [{Pd(µ-Tpg –)(Tpg –)}2].[129] 
The CN3 moiety, however, remained nearly planar and with the adjacent cyclopentadienyl ring it 
subtended a dihedral angle of approximately 70°. The coordination environment was severely 
distorted from the ideal square-planar geometry, the calculated τ4 index values[130] were 0.21 
and 0.19 for 25·Et2O and 26, respectively. The smallest interligand angle was associated with 
the guanidinate chelate ring (N1-Pd-N2 ≈ 65°). The Pd-N bonds in both complexes were of 
similar lengths (≈ 2.06 Å), comparable with the parameters of [{Pd(µ-Tpg –)(Tpg –)}2].[129]  
 
 
Figure 3.12. Views of molecular structures of complexes 25·Et2O and 26. The displacement 





Table 3.9. Selected distances and angles for palladium(II) complexes 25·Et2O and 26 (in Å and 
deg). 
Parametera 25·Et2O 26 
Pd-P 2.2442(5) 2.2601(6) 
Pd-N1 2.061(1) 2.046(1) 
Pd-N2 2.061(1) 2.064(2) 
Pd-Ab 2.3147(5) 2.062(1) 
P-Pd-N1 98.51(4) 97.43(4) 
N1-Pd-N2 65.15(5) 65.51(6) 
N2-Pd-Ab 102.36(4) 105.83(6) 
P-Pd-Ab 94.07(2) 91.41(4) 
Fe-Cg1/Fe-Cg2 1.6451(7)/1.6501(7) 1.640(1)/1.645(1) 
Cp1,Cp2 1.55(8) 1.5(1) 
τ 10.6(1) 13.9(1) 
P-C1 1.796(1) 1.788(2) 
P-C11/P-C17 1.820(1)/1.827(1) 1.812(2)/1.820(2) 
C6-N1 1.422(2) 1.426(2) 
C23-N1 1.389(2) 1.391(2) 
C23-N2 1.310(2) 1.316(2) 
C23-N3 1.353(2) 1.348(2) 
N1-C23-N2/N3 110.6(1)/122.6(1) 110.5(1)/122.5(2) 
N2-C23-N3 126.8(1) 127.1(2) 
N2-C24/N3-C27 1.458(2)/1.470(2) 1.463(2)/1.477(3) 
a Definitions: Cp1 and Cp2 are the cyclopentadienyl rings C(1-5) and C(6-10), respectively; Cg1/Cg2 are 






In accordance with the postulated aims of the Thesis, a series of phosphinoguanidinium 
chlorides [R2PfcCH2NHC(NH2)2]Cl (11, R = iso-propyl (a), cyclohexyl (b), phenyl (c) and 2-furyl 
(d)) with varied phosphine substituents was synthesised via an originally developed multi-step 
procedure from the easily accessible 1-bromo-1΄-cyanoferrocene (3). Lithiation of 3 followed by 
phosphinylation led to phosphinonitriles R2PfcCN (5), which after reduction to amines and 
subsequent guanylation provided 11 in good yields. 
  Catalytic properties of catalysts generated in situ from palladium(II) acetate and 
phosphines 11 were evaluated in palladium-catalysed Suzuki-Miyaura-type cross-coupling 
reactions in aqueous solvent mixtures. In the reaction between aroylchlorides and boronic acids 
producing benzophenones, the differences in catalytic activity of phoshines were negligible and 
ligands 11 were only comparable with simple phosphines such as triphenylphosphine. On the 
other hand, in the “classical” reaction between aryl bromides and boronic acids producing 
biaryls, the influence of phosphine on catalytic performance was substantial. Whereas in the 
presence of electron-poor phosphines the conversions were under given conditions negligible, 
almost full conversions were achieved when phosphines 11a or 11b were used, which could be 
attributed to combined positive effects of polar guanidinium tag and the electron-rich phosphine 
groups. Furthermore, defined complexes [RhCl(CO)(11-κP)2] (12), prepared in the reaction of 
ligands 11 with [Rh(µ-Cl)(CO)2]2, were tested as catalysts in rhodium-catalysed 
hydroformylation of 1-hexene. All complexes exhibited high selectivity towards aldehyde 
formation but with only modest stereoselectivity. 
  Phosphinonitriles 5, which emerged as intermediates during the synthesis of ligands 11, 
were additionally used to prepare dimeric gold(I) complexes [Au2(μ-5-κP,N)2][SbF6]2 (7). These 
bench-stable complexes were employed as precatalysts in gold(I)-mediated cyclisation of 
N-propargyl amides to 2-substituted 5-methyleneoxazolines. It was demonstrated that the 
reaction rate of the cyclisation correlated with the electronic properties of the phosphine and 
the complex 7d with the least donating phosphine in the series was identified as the most active 
catalyst. Although the catalyst suffered from partial decomposition during the reaction, the self-
stabilising nature of the precatalyst given by coordination of the nitrile group enabled to use 
relatively low catalyst loadings. Furthermore, no threshold concentration of the precatalyst, 
under which the cyclisation would not be initiated, was found which is not typical for gold(I) 
catalysed reactions. 
  Neutral phosphinoguanidine ligands Ph2PfcNC(NHR΄)2 (13, R΄ = iso-propyl (a), 
cyclohexyl (b) and 2,6-xylyl (c)), were successfully prepared by two complementary synthetic 
pathways. The first method was based on a reaction of phosphinoamine 14 with corresponding 
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carbodiimide in the presence of a catalytic amount of diethyl zinc. In the second and more 
reliable procedure, the carbodiimide was reacted with amide salt generated from 14 by 
deprotonation with stoichiometric amount of n-butyllithium. Phosphines 13 represent the first 
examples of N,N΄,N΄΄-trisubstituted phosphinoguanidines isolated and characterised to date. 
Subsequently, they were used as ligands for the preparation of palladium(II) complexes 
cis-[PdCl2(13-κ2P,N)] (15) and [PdCl(13-κ3P,N,Fe)][SbF6] (16). The nature of the Fe-Pd 
interaction in the latter ones was rigorously described by spectroscopic measurements and by 
quantum-chemistry calculations. Additionally, platinum(II) complexes cis-[PtCl2(13a-κ2P,N)] 
(17) and [Pt(μ-Cl)(13a-κ2P,N)]2(BArF)2 (18) were prepared and used to compare coordination 
preferences of 13 depending on the metal centre. Attempts to prepare analogous nickel(II) 
complexes were unfortunately unsuccessful. 
  Protonation of 13a provided guanidinium salts [13aH]X (X = Cl (19), [SbF6] (20)). Their 
reactions with [PdCl2(MeCN)2] resulted in an isolation of complexes [PdCl3(13aH-κP)] (21), 
[PdCl(μ-Cl)(13aH-κP)]2[SbF6]2 (23) and trans-[PdCl2(13aH-κP)2][SbF6]2 (24), which can be 
considered as typical for monodentate phosphine ligands. 
  The palette of possible coordination modes of ligand 13a was extended by preparation of 
complexes [PdCl(13a–-κ3P,N,N΄)] (25) and [Pd(13a–-κ3P,N,N΄)(dmap)][SbF6] (26), in which the 
ligand is coordinated in its singly deprotonated, guanidinate form. Since the majority of 
palladium(II) complexes with guanidinate ligands are of polynuclear nature, complexes 25 and 
26 are rare examples of mononuclear palladium(II) guanidinate complexes and, to my best 
knowledge, the only examples wherein the guanidinate ligand is combined with phosphine 
moiety. Further studies into reactivity and potential applications of this unprecedented type of 
complexes are currently in progress. 
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6. List of Abbreviations 
 
BArF  tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
BINAP  2,2΄-Bis(diphenylphosphino)-1,1΄-binaphthyl 
Bipy  2,2΄-bipyridyl 
Bu  butyl 
cod  1,5-cyclooctadiene 
dmap  4-(dimethylamino)pyridine 
dppf  1,1΄-bis(difenylfosfino)ferrocene 
Hdpf  1-(diphenylphosphino)-1’-ferrocenecarboxylic acid  
iPr  iso-propyl 
Et  ethyl 
Fc  ferrocenyl 
fc  ferrocene-1,1΄-diyl 
Me  methyl 
Ph  phenyl 
Py  2-pydidyl 
tBu  tert-butyl 
tht  tetrahydrothiophene 
Tpg  N,N΄,N΄΄-triphenylguanidine 
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Materials and methods 
 
All syntheses were performed under an argon atmosphere using standard Schlenk techniques. 
Compounds 1c,1 6c,2 [AuCl(tht)],3 [Au(PPh3)(MeCN)][SbF6],4 and [Au(PPh3)(OTf)]5 were 
prepared as previously described. Other chemicals were purchased from commercial suppliers 
(Sigma-Aldrich and Alfa-Aesar) and were used as received. Dichloromethane, THF and methanol 
were dried using a PureSolv MD5 solvent purification system (Innovative Technology, USA). 
Acetone was dried over potassium carbonate and distilled under an argon atmosphere. Other 
solvents (Lach-Ner, Czech Republic) were of reagent grade and were used without further 
purification. 
NMR spectra were recorded at 25°C on a Varian INOVA 400 (1H, 399.95; 13C, 100.58; and 
31P, 161.90 MHz; and 19F, 376.29 MHz) or on a Bruker Avance III HD 400 (1H, 400.13; and 13C, 
100.62 MHz) spectrometer at 25°C. 1H NMR spectra measured as a part of the kinetic 
measurement were recorded on a Varian INOVA 300 spectrometer operating at 299.94 MHz. 
Chemical shifts (δ in ppm) are given relative to internal tetramethylsilane (1H and 13C) or, 
alternatively, to neat CFCl3 (19F) and to 85% aqueous H3PO4 (31P) as external references. In 
addition to the usual representation of signal multiplicity (s = single, d = doublet, t = triplet, q = 
quartet and br = broad, among others),6 vt and vq are used to denote virtual multiplets due to 
magnetically non-equivalent protons at cyclopentadienyl rings (spin systems AA′BB′ and 
AA′BB′X for the cyano- and phosphine-substituted rings, respectively, where A, B = 1H, and X = 
31P); fc = ferrocene-1,1′-diyl, Cy = cyclohexyl, Fur = 2-furyl. IR spectra were recorded in Nujol 
mulls, in the range of 400-4000 cm–1 using a Nicolet 6700 FTIR spectrometer. ESI mass spectra 
were recorded on a Compact QTOF-MS spectrometer (Bruker Daltonics) using samples 
dissolved in HPLC-grade methanol. Elemental analyses were performed using a Perkin–Elmer 






Syntheses and catalytic tests 
 
 
Preparation of 1-bromo-1′-cyanoferrocene (3) and isolation of N-(bis(1’-bromoferrocenyl)-
methylene)cyanamide (4). In an oven-dried flask, 1,1′-dibromoferrocene (2; 7.91 g, 23.0 mmol) 
was dissolved in dry THF (100 mL) under an argon atmosphere, and the red solution was cooled 
to –78°C using a dry ice-ethanol bath. n-Butyllithium (9.2 mL of 2.5 M in hexanes, 23.0 mmol) 
was slowly added, and the resulting orange suspension was stirred at –78°C for 1 h, 
subsequently adding dropwise a solution of tosyl cyanide (5.0 g, 27.6 mmol) in dry THF (40 mL), 
pre-cooled to –78°C. The orange colour of the reaction mixture slowly changed to dark red, and 
the solids dissolved. The reaction mixture was stirred for another 2 hours at –78°C and then at 
room temperature overnight before quenching by saturated aqueous NaHCO3 (50 mL). The 
organic phase was separated, and the aqueous layer was back-extracted with diethyl ether (2× 
30 mL). The combined organic layers were washed with brine and dried over MgSO4. The crude 
product was pre-absorbed onto silica gel by evaporation and purified by chromatography over a 
silica gel column, eluting with hexane/ethyl acetate (3:1). The chromatography resulted in three 
main bands. The first orange band, which contained ferrocene and bromoferrocene, resulting 
from unwanted protonolysis, was discarded. Evaporation of the major second orange band 
provided the target product, which was further crystallised from hot hexane/ethyl acetate. The 
crystals were filtered off, washed with cold pentane and dried under vacuum. Yield of 3: 4.98 g 
(75%), red prisms. Lastly, the third, minor band of intense purple colour was evaporated to give 
a dark purple oily residue, which was identified as cyanamide 4 (0.53 g). The compound was 
further purified by dissolution in chloroform and precipitation with hexane. Crystals suitable for 
structure determination were obtained by liquid-phase diffusion of hexane into a chloroform 
solution of this compound. 
Analytical data for 1-bromo-1′-cyanoferrocene (3). 1H NMR (299.94 MHz, CDCl3): δ = 4.30 
(vt, J′ = 1.9 Hz, 2 H, CH of fc), 4.44 (vt, J′ = 1.9 Hz, 2 H, CH of fc), 4.57 (vt, J′ = 1.9 Hz, 2 H, CH of fc), 
4.68 (vt, J′ = 1.9 Hz, 2 H, CH of fc) ppm. The data are in accordance with previously published 
values.7 
Analytical data for N-(bis(1’-bromoferrocenyl)methylene)cyanamide (4). 1H NMR (399.95 
MHz, CDCl3, 25°C): δ = 4.19 (br s, 2 H, CH of fc), 4.33 (br s, 2 H, CH of fc), 4.46 (br s, 2 H, CH of fc), 
4.56 (br s, 2 H, CH of fc), 4.69 (vt, J′ = 2.0 Hz, 4 H, CH of fc), 5.07 (br s, 2 H, CH of fc), 5.35 (br s, 2 




CH of fc), 4.67 (vt, J′ = 2.0 Hz, 4 H, CH of fc), 5.20 (br s, 4 H, CH of fc) ppm. 13C{1H} NMR (100.58 
MHz, CDCl3, 25°C): δ = 70.03 (br s, fc), 70.58 (br s, fc), 72.60 (s, fc), 72.98 (br s, fc), 73.66 (br s, 
fc), 75.70 (br s, fc), 116.13 (s, C≡N), 191.20 (s, C=N) ppm. ESI– MS: m/z = 379 ([Cp(CNCN)fcBr]–). 
IR (Nujol): νmax = 2161 s, 1537 s, 1409 m, 1400 w, 1350 m, 1323 w, 1302 s, 1230 w, 1216 w, 
1152 m, 1067 m, 1049 m, 1038 m, 1023 m, 1003 w, 962 w, 897 w, 877 w, 868 m, 843 w, 822 s, 
738 w, 663 w, 540 m, 518 m, 495 s, 482 s, 459 m, 423 w cm−1. Anal. Calc. for C22H16Br2Fe2N2 
(579.9): C 45.57, H 2.78, N 4.83%. Found: C 45.24, H 2.70, N 4.76%. 
 
 
General procedure for the preparation of phosphinonitriles R2PfcC≡N (1). Under an argon 
atmosphere, compound 3 (1.45 g, 5.0 mmol) was dissolved in dry THF (40 mL), and the resulting 
red solution was cooled to –78°C in a dry ice-ethanol bath. An n-butyllithium solution (2.0 mL of 
2.5 M in hexanes, 5.0 mmol) was added in small portions. The mixture was stirred at –78°C for 1 
hour, subsequently adding dropwise the respective chlorophosphine (6.0 mmol). After stirring 
for an additional hour, the cooling bath was removed, and the reaction mixture was stirred at 
room temperature for 2 hours (overnight for chloro-di(2-furyl)phosphine). Then, the reaction 
was quenched by adding saturated aqueous NaHCO3 (10 mL), the organic phase was separated, 
and the aqueous layer was extracted with diethyl ether (2× 10 mL). The combined organic layers 
were washed with brine, dried over MgSO4 and evaporated with chromatographic silica gel. The 
pre-adsorbed crude product was purified by column chromatography on silica gel using a 
hexane/ethyl acetate (3:1) mixture as the eluent. The first yellow (minor) band, predominantly 
containing cyanoferrocene, was discarded. The second orange band was collected and 
evaporated to afford the product, which was further crystallised. 
Preparation of iPr2PfcC≡N (1a). The general procedure was used, and the product was 
crystallised by dissolving in hot heptane and cooling the saturated solution slowly to –18°C. 
Yield: 1.47 g (90%), red needles. 1H NMR (399.95 MHz, CDCl3): δ = 1.07 (dd, 3JHH = 7.0 Hz, 3JHP = 
7.0 Hz, 6 H, CHMe2), 1.10 (dd, 3JHH = 7.1 Hz, 3JHP = 9.0 Hz, 6 H, CHMe2), 1.93 (sept of d, 3JHH = 7.0 
Hz, 2JHH = 2.0 Hz, 2 H, CHMe2), 4.34 (vq, J′ = 1.6 Hz, 2 H, CH of fc), 4.37 (vt, J′ = 1.9 Hz, 2 H, CH of 
fc), 4.50 (vt, J′ = 1.8 Hz, 2 H, CH of fc), 4.63 (vt, J′ = 1.9 Hz, 2 H, CH of fc) ppm. 13C{1H} NMR 
(100.58 MHz, CDCl3): δ = 19.82 (d, 2JCP = 10 Hz, CHCH3), 20.03 (d, 2JCP = 15 Hz, CHCH3), 23.38 (d, 
1JCP = 11 Hz, CHCH3), 52.45 (s, C–CN of fc), 72.46 (d, JCP = 2 Hz, CH of fc), 72.52 (s, CH of fc), 72.68 
(s, CH of fc), 73.25 (d, JCP = 10 Hz, CH of fc), 79.36 (d, 1JCP = 21 Hz, C–P(iPr)2 of fc), 120.00 (s, C≡N) 
ppm. 31P{1H} NMR (161.90 MHz, CDCl3): δ = 0.1 (s, P(iPr)2) ppm. ESI+ MS: m/z = 328 ([M + H]+), 




m, 1055 m, 1040 m, 1030 s, 913 w, 881 w, 859 w, 845 m, 821 s, 655 w, 637 w, 607 w, 558 m, 508 
m, 492 s, 476 m, 466 s cm–1. Anal. Calc. for C17H22FeNP (327.2): C 62.41, H 6.78, N 4.28%. Found: 
C 62.00, H 6.48, N 4.16%. 
Preparation of Cy2PfcC≡N (1b). This compound was prepared according to the general 
procedure. The product was crystallised from hot ethyl acetate/heptane. Yield: 1.44 g (71%), 
orange-red needles. 1H NMR (399.95 MHz, CDCl3): δ = 1.00-1.38 (m, 10 H, Cy), 1.64-1.94 (m, 12 
H, Cy), 4.31 (vq, J′ = 1.6 Hz, 2 H, CH of fc), 4.36 (vt, J′ = 1.9 Hz, 2 H, CH of fc), 4.48 (vt, J′ = 1.8 Hz, 2 
H, CH of fc), 4.61 (vt, J′ = 1.9 Hz, 2 H, CH of fc) ppm. 13C{1H} NMR (100.58 MHz, CDCl3): δ = 26.78 
(s, CH2 of Cy), 27.62 (d, JCP = 8 Hz, CH2 of Cy), 27.72 (d, JCP = 11 Hz, CH2 of Cy), 30.57 (d, JCP = 13 
Hz, CH2 of Cy), 30.67 (d, JCP = 10 Hz, CH2 of Cy), 33.76 (d, JCP = 11 Hz, CH of Cy), 52.92 (s, C–CN of 
fc), 72.77 (d, JCP = 2 Hz, CH of fc), 72.85 (s, CH of fc), 73.16 (s, CH of fc), 73.96 (d, JCP = 10 Hz, CH of 
fc), 80.10 (d, 1JCP = 20 Hz, C–PCy2 of fc), 120.47 (s, C≡N) ppm. 31P{1H} NMR (161.90 MHz, CDCl3): 
δ = –8.0 (s, PCy2) ppm. ESI+ MS: m/z = 408 ([M + H]+), 430 ([M + Na]+), 446 ([M + K]+). IR (Nujol): 
νmax = 2225 s, 1343 m, 1263 w, 1232 m, 1192 m, 1176 w, 1154 m, 1030 s, 1000 m, 914 m, 884 w, 
845 s, 821 s, 556 m, 507 m, 488 s, 462 s, 441 m cm–1. Anal. Calc. for C23H30FeNP (407.3): C 67.82, 
H 7.42, N 3.44%. Found: C 67.77, H 7.42, N 3.36%. 
Preparation of Fur2PfcC≡N (1d). The general procedure described was followed, and the 
compound was purified by crystallization from hot hexane. Yield: 1.61g (86%), orange needles. 
1H NMR (399.95 MHz, CDCl3): δ = 4.24 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.51 (vt, J′ = 2.0 Hz, 2 H, CH 
of fc), 4.53 (vt of d, J′ = 1.8 Hz, J = 0.6 Hz, 2 H, CH of fc), 4.56 (vq, J′ = 1.9 Hz, 2 H, CH of fc), 6.41 
(dt, J = 3.3 Hz, J = 1.7 Hz, 2 H, CH of Fur), 6.72 (ddd, J = 3.3 Hz, J = 2.0 Hz, J = 0.7 Hz, 2 H, CH of 
Fur), 7.67 (m, 2 H, CH of Fur) ppm. 13C{1H} NMR (100.58 MHz, CDCl3): δ = 52.80 (s, C–CN of fc), 
71.89 (d, J = 1 Hz, CH of fc), 72.60 (s, CH of fc), 73.59 (d, JCP = 5 Hz, CH of fc), 75.68 (d, JCP = 17 Hz, 
CH of fc), 110.67 (d, JCP = 6 Hz, CH of Fur), 119.58 (s, C≡N), 120.40 (d, JCP = 25 Hz, CH of Fur), 
147.06 (d, JCP = 2 Hz, CH of Fur), 151.21 (d, JCP = 8 Hz, Cipso of Fur) ppm. Note: The 13C NMR signal 
due to C–P of fc overlaps with one of the CH resonances. 31P{1H} NMR (161.90 MHz, CDCl3): δ = –
66.1 (s, PFur2) ppm. ESI+ MS: m/z = 398 ([M + Na]+). IR (Nujol): νmax = 2228 s, 1552 m, 1312 w, 
1231 m, 1220 m, 1210 m, 1163 m, 1155 m, 1123 m, 1108 w, 1059 w, 1028 s, 1015 sh, 1005 s, 
912 sh, 903 s, 883 m, 848 m, 834 s, 746 s, 656 m, 646 w, 635 w, 627 w, 596 m, 555 m, 516 w, 502 
m, 491 m, 479 s, 471 s, 450 s cm–1. Anal. Calc. for C19H14FeNO2P (375.1): C 60.83, H 3.76, N 






General procedure for the preparation of complexes [AuCl(R2PfcC≡N-κP)] (5). Solid 
[AuCl(tht)] (160 mg, 0.50 mmol) and the respective phosphinonitrile (0.50 mmol) were 
dissolved in dry dichloromethane (5 mL) under an argon atmosphere, and the orange solution 
was stirred at room temperature for 60 minutes. The product was obtained after evaporating 
the solvent under reduced pressure. 
 Preparation of [AuCl(iPr2PfcC≡N-κP)] (5a). The product was prepared according to the 
general procedure. The crude product was dissolved in dichloromethane (1 mL), and the 
solution was poured into an excess of cold pentane. The precipitated solid was filtered off, 
washed with pentane (to remove residual tetrahydrothiophene) and dried under vacuum. Yield: 
267 mg (95%), orange powder. The crystals suitable for structure determination were grown by 
liquid-phase diffusion of hexane into an acetone solution of the complex. 
 1H NMR (399.95 MHz, CDCl3): δ = 1.24 (dd, 3JHH = 7.0 Hz, 3JHP = 10.8 Hz, 6 H, CHMe2), 1.29 
(dd, 3JHH = 7.0 Hz, 3JHP = 9.8 Hz, 6 H, CHMe2), 2.32 (d of sept, 2JHP = 8.7 Hz, 3JHH = 7.0 Hz, 2 H, 
CHMe2), 4.55 (vq, J′ = 2.0 Hz, 2 H, CH of fc), 4.64 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.72 (vtd, J′ = 1.9 
Hz, J′ = 1.0 Hz, 2 H, CH of fc), 4.80 (vt, J′ = 2.0 Hz, 2 H, CH of fc) ppm. 13C{1H} NMR (100.58 MHz, 
CDCl3): δ = 19.36 (d, 2JCP = 9 Hz, CHCH3), 19.38 (d, 2JCP = 12 Hz, CHCH3), 25.34 (d, 1JCP = 36 Hz, 
CHCH3), 53.64 (s, C–CN of fc), 70.17 (d, 1JCP = 57 Hz, C–PiPr2 of fc), 73.61 (s, CH of fc), 73.98 (s, CH 
of fc), 73.99 (d, JCP = 10 Hz, CH of fc), 74.30 (d, JCP = 7 Hz, CH of fc), 118.98 (s, C≡N) ppm. 31P{1H} 
NMR (161.90 MHz, CDCl3): δ = 49.8 (s, PiPr2) ppm. ESI+ MS: m/z = 662 ([M + Na]+). IR (Nujol): 
νmax = 2228 s, 1252 m, 1231 m, 1201 w, 1169 m, 1036 s, 915 w, 889 w, 838 s, 828 s, 679 m, 652 
m, 631 w, 547 m, 509 w, 499 m, 486 m, 468 m, 415 m cm–1. Anal. Calc. for C17H23AuClFeNP 
(559.6): C 36.49, H 3.96, N 2.50%. Found: C 36.84, H 3.89, N 2.53%. 
 Preparation of [AuCl(Cy2PfcC≡N-κP)] (5b). The compound was prepared and isolated 
similarly to the isopropyl analogue. Yield: 316 mg (98%), orange powder. Crystals used for 
structure determination were grown by liquid-phase diffusion of hexane into an acetone 
solution of the complex. 
 1H NMR (399.95 MHz, CDCl3): δ = 1.13-1.52 (m, 10 H, Cy), 1.67-1.78 (m, 2 H, Cy), 1.80-
1.94 (m, 4 H, Cy), 1.96-2.15 (m, 6 H, Cy), 4.51 (vq, J′ = 2.0 Hz, 2 H, CH of fc), 4.62 (vt, J′ = 2.0 Hz, 2 
H, CH of fc), 4.70 (vtd, J′ = 2.0 Hz, J′ = 1.0 Hz, 2 H, CH of fc), 4.77 (vt, J′ = 2.0 Hz, 2 H, CH of fc) ppm. 
13C{1H} NMR (100.58 MHz, CDCl3): δ = 25.61 (d, JCP = 2 Hz, CH2 of Cy), 26.45 (d, JCP = 2 Hz, CH2 of 
Cy), 26.58 (s, CH2 of Cy), 29.72 (d, JCP = 2 Hz, CH2 of Cy), 29.98 (s, CH2 of Cy), 34.69 (d, JCP = 35 Hz, 
CH of Cy), 53.70 (s, C–CN of fc), 70.84 (d, JCP = 57 Hz, C–PCy2 of fc), 73.70 (s, CH of fc), 73.77 (s, CH 




NMR (161.90 MHz, CDCl3): δ = 41.4 (s, PCy2) ppm. ESI+ MS: m/z = 662 ([M + Na]+), 678 ([M + 
K]+). IR (Nujol): νmax = 2224 s, 1347 w, 1310 w, 1267 w, 1231 m, 1201 m, 1181 m, 1170 m, 1111 
w, 1038 m, 1005 w, 911 w, 894 w, 848 m, 828 s, 755 w, 736 m, 630 m, 555 m, 542 m, 525 m, 511 
w, 493 s, 470 s, 446 m, 433 m cm–1. Anal. Calc. for C23H30AuClFeNP (639.7): C 43.18, H 4.73, N 
2.19%. Found: C 43.21, H 4.57, N 2.09%. 
 Preparation of [AuCl(Fur2PfcC≡N-κP)] (5d). The orange oily crude product obtained 
using the general procedure was dissolved in acetone, and the solution was layered with hexane. 
Crystallisation over several days afforded orange crystals (used also for structure 
determination), which were filtered off, washed with pentane and dried under vacuum. Yield: 
240 mg (79%), orange needles. 
 1H NMR (399.95 MHz, CDCl3): δ = 4.50 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.62 (vt, J′ = 2.0 Hz, 2 
H, CH of fc), 4.75 (vq, J′ = 1.7 Hz, 2 H, CH of fc), 4.79 (apparent p, J′ = 1.8 Hz, 2 H, CH of fc), 6.56 
(dt, J = 3.5 Hz, J = 1.7 Hz, 2 H, CH of Fur), 7.11 (ddd, J = 3.5 Hz, J = 3.0 Hz, J = 0.7 Hz, 2 H, CH of 
Fur), 7.81 (td, J = 1.8 Hz, J = 0.7 Hz, 2 H, CH of Fur) ppm. 13C{1H} NMR (100.58 MHz, CDCl3): δ = 
53.96 (s, C–CN of fc), 69.86 (d, JCP = 83 Hz, C–PFur2 of fc), 72.95 (s, CH of fc), 73.49 (s, CH of fc), 
75.14 (d, JCP = 10 Hz, CH of fc), 75.93 (d, JCP = 16 Hz, CH of fc), 111.45 (d, JCP = 9 Hz, CH of Fur), 
118.54 (s, C≡N), 124.25 (d, JCP = 26 Hz, CH of Fur), 143.22 (d, JCP = 94 Hz, Cipso of Fur), 149.65 (d, 
JCP = 6 Hz, CH of Fur) ppm. 31P{1H} NMR (161.90 MHz, CDCl3): δ = –14.4 (s, PFur2) ppm. ESI+ MS: 
m/z = 630 ([M + Na]+). IR (Nujol): νmax = 2230 s, 1721 w, 1551 m, 1410 w, 1387 m, 1311 w, 1234 
w, 1218 m, 1196 m, 1186 m, 1177 m, 1126 s, 1060 w, 1031 m, 1019 s, 1012 sh, 911 m, 892 w, 
882 m, 849 m, 836 m, 826 m, 775 s, 763 s, 647 m, 638 m, 626 m, 593 m, 552 s, 540 s, 524 m, 512 
m, 476 s, 466 sh cm–1. Anal. Calc. for C19H14AuClFeNO2P (607.7): C 37.56, H 2.32, N 2.31%. Found: 
C 37.50, H 2.23, N 2.15%. 
 
 
General procedure for the preparation of dimers [Au2(µ(P,N)-R2PfcC≡N)2][SbF6]2 (6). Under 
an argon atmosphere, Ag[SbF6] (34.5 mg, 0.10 mmol) and the respective complex 5 (0.10 mmol) 
were dissolved in dry acetone (3 mL). The orange solution containing a white precipitate (AgCl) 
was stirred at room temperature, in the dark, for 60 minutes, and subsequently filtered through 
a PTFE syringe filter (0.45 µm pore size) directly into an excess of cold pentane. Sonication of the 
resulting orange cloudy mixture induced precipitation of the product, which was completed by 
allowing the suspension to stand at 5°C for 2 hours. The precipitate was collected, washed with 
























 Preparation of [Au2(µ(P,N)-iPr2PfcC≡N)2][SbF6]2 (6a). The compound was prepared 
according to the general method. Yield: 62 mg (82%), yellow powder.  
1H NMR (399.95 MHz, acetone-d6): δ = 1.35 (dd, 3JHH = 7.0 Hz, 3JHP = 4.5 Hz, 6 H, CHMe2), 
1.39 (dd, 3JHH = 7.0 Hz, 3JHP = 5.7 Hz, 6 H, CHMe2), 2.72 (d of sept, 2JHP = 8.5 Hz, 3JHH = 7.0 Hz, 2 H, 
CHMe2), 4.89 (vq, J′ = 2.0 Hz, 2 H, CH of fc), 5.06 (br s, 4 H, CH of fc), 5.35 (br s, 2 H, CH of fc) ppm. 
31P{1H} NMR (161.90 MHz, acetone-d6): δ = 49.0 (s, PiPr2) ppm. ESI+ MS: m/z = 583 
([Au(iPr2PfcCN)(MeOH)HCN]+). IR (Nujol): νmax = 2263 s, 1312 w, 1247 m, 1206 w, 1184 m, 1173 
m, 1087 w, 1040 m, 917 m, 881 w, 850 m, 830 m, 686 w, 657 vs, 554 w, 514 m, 490 m, 471 m 
cm–1. Anal. Calc. for C34H44Au2F12Fe2N2P2Sb2 (1519.8): C 26.87, H 2.92, N 1.84%. Found: C 26.66, 
H 2.75, N 1.69%. 
 Preparation of [Au2(µ(P,N)-Cy2PfcC≡N)2][SbF6]2 (6b). The general procedure was used. 
Yield: 74 mg (88%), orange powder. Crystals suitable for structure determination were obtained 
by liquid-phase diffusion of hexane into an acetone solution of the complex. 
 1H NMR (399.95 MHz, acetone-d6): δ = 1.16-1.62 (m, 10 H, Cy), 1.66-1.76 (m, 2 H, Cy), 
1.82-1.96 (m, 4 H, Cy), 2.12-2.32 (m, 4 H, Cy), 2.46-2.60 (m, 2 H, Cy), 4.87 (vq, J′ = 2.0 Hz, 2 H, CH 
of fc), 5.06 (br s, 4 H, CH of fc), 5.35 (br s, 2 H, CH of fc) ppm. 31P{1H} NMR (161.90 MHz, acetone-
d6): δ = 40.2 (s, PCy2) ppm. ESI+ MS: m/z = 631 ([Au(Cy2PfcCN)HCN]+), 689 ([Au(Cy2PfcCN)-
(Me2CO)HCN]+). IR (Nujol): νmax = 2256 s, 1711 m, 1294 w, 1272 w, 1243 w, 1243 w, 1220 m, 
1202 m, 1174 m, 1113 w, 1058 w, 1041 m, 1004 w, 918 m, 897 w, 851 m, 838 m, 750 w, 657 vs, 
609 w, 553 w, 515 m, 497 m, 472 m, 445 w cm–1. Anal. Calc. for C46H60Au2F12Fe2N2P2Sb2 (1680.1): 
C 32.89, H 3.60, N 1.67%. Found: C 33.08, H 3.21, N 1.25%. 
Preparation of [Au2(µ(P,N)-Fur2PfcC≡N)2][SbF6]2 (6d). The general procedure was 
followed. Yield: 71 mg (88%), orange powder. Crystals suitable for structure determination 
were obtained by liquid phase diffusion of hexane into an acetone solution of the complex. 
 1H NMR (399.95 MHz, acetone-d6): δ = 4.78 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 5.04 (m, 2 H, CH 
of fc), 5.08 (vq, J′ = 1.8 Hz, 2 H, CH of fc), 5.17 (vt, J′ = 1.9 Hz, 2 H, CH of fc), 6.80 (dt, J = 3.5 Hz, J = 
1.7 Hz, 2 H, CH of Fur), 7.43 (ddd, J = 3.5 Hz, J = 2.8 Hz, J = 0.7 Hz, 2 H, CH of Fur), 8.18 (td, J = 1.9 
Hz, J = 0.7 Hz, 2 H, CH of Fur) ppm. 31P{1H} NMR (161.90 MHz, acetone-d6): δ = –16.7 (s, PFur2) 
ppm. ESI+ MS: m/z = 599 ([Au(Fur2PfcCN)HCN]+), 802 ([Au(Fur2PfcCN)(Fur2PC5H6)]+). IR 
(Nujol): νmax = 2288 sh, 2274 s, 1553 w, 1395 w, 1309 w, 1246 w, 1221 w, 1202 w, 1188 m, 1178 
w, 1132 m, 1065 w, 1038 m, 1012 s, 917 sh, 910 m, 885 w, 855 w, 833 m, 772 s, 755 s, 661 vs, 
620 w, 609 w, 589 w, 575 m, 561 w, 538 w, 527 m, 514 m, 478 s, 466 s cm–1. Anal. Calc. for 






General procedure for the preparation of selenides R2(Se)PfcC≡N (7).8 Potassium 
selenocyanate (39.6 mg, 0.275 mmol) and the respective phosphinonitrile (0.250 mmol) were 
dissolved in a mixture of dry methanol (4 mL) and dry dichloromethane (1 mL), and the 
resulting mixture was stirred at room temperature overnight. Following evaporation with 
chromatography-grade silica gel, the pre-absorbed crude product was purified by column 
chromatography over silica gel, as specified in detail below.  
Preparation of iPr2(Se)PfcC≡N (7a). The crude product, prepared according to the 
general procedure, was purified by column chromatography on silica gel using hexane/ethyl 
acetate (3:1) as the eluent. Evaporation of the major orange band provided analytically pure 
product. Yield: 65 mg (64%), orange microcrystalline solid. 1H NMR (399.95 MHz, CDCl3): δ = 
1.19 (dd, 3JHH = 7.0 Hz, 3JHP = 3.3 Hz, 6 H, CHMe2), 1.23 (dd, 3JHH = 7.0 Hz, 3JHP = 3.6 Hz, 6 H, CHMe2), 
2.30 (d of sept, 2JHP = 8.4 Hz, 3JHH = 7.0 Hz, 2 H, CHMe2), 4.60 (vq, J′ = 1.8 Hz, 2 H, CH of fc), 4.64 
(vq, J′ = 1.7 Hz, 2 H, CH of fc), 4.68 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.80 (vt, J′ = 2.0 Hz, 2 H, CH of fc) 
ppm. 13C{1H} NMR (100.58 MHz, CDCl3): δ = 16.72 (d, 2JCP = 1 Hz, CHCH3), 17.49 (d, 2JCP = 2 Hz, 
CHCH3), 27.64 (d, 1JCP = 45 Hz, CHCH3), 53.41 (s, C–CN of fc), 73.48 (d, JCP = 8 Hz, CH of fc), 73.66 
(s, CH of fc), 73.88 (d, JCP = 9 Hz, CH of fc), 74.05 (s, CH of fc), 75.09 (d, 1JCP = 67 Hz, C–PiPr2 of fc), 
119.35 (s, C≡N) ppm. 31P{1H} NMR (161.90 MHz, CDCl3): δ = 57.8 (s with 77Se satellites, 1JPSe = 
715 Hz, PiPr2) ppm. ESI+ MS: m/z = 408 ([M + H]+). IR (Nujol): νmax = 2225 s, 1417 w, 1364 m, 
1310 w, 1253 w, 1243 m, 1233 m, 1202 m, 1169 s, 1100 w, 1081 w, 1062 w, 1052 w, 1043 m, 
1034 s, 935 w, 911 w, 891 m, 882 m, 859 w, 844 m, 828 s, 818 m, 676 s, 652 s, 629 m, 562 s, 554 
s, 510 m, 498 s, 481 m, 470 s, 435 m cm–1. Anal. Calc. for C17H22FeNPSe (406.2): C 50.27, H 5.46, 
N 3.45%. Found: C 50.26, H 5.10, N 3.44%. 
Preparation of Cy2(Se)PfcC≡N (7b). The crude product was purified by chromatography 
on silica gel using hexane/ethyl acetate (1:1). The major orange band was collected and 
evaporated to afford analytically pure product. Yield: 85 mg (70%), yellow-orange solid. 1H NMR 
(399.95 MHz, CDCl3): δ = 1.10-1.46 (m, 10 H, Cy), 1.66-1.75 (m, 2 H, Cy), 1.78-1.92 (m, 4 H, Cy), 
1.94-2.10 (m, 6 H, Cy), 4.57 (vq, J′ = 1.8 Hz, 2 H, CH of fc), 4.63 (vq, J′ = 1.7 Hz, 2 H, CH of fc), 4.65 
(vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.79 (vt, J′ = 2.0 Hz, 2 H, CH of fc) ppm. 13C{1H} NMR (100.58 MHz, 
CDCl3): δ = 25.72 (d, JCP = 2 Hz, CH2 of Cy), 26.28 (d, JCP = 2 Hz, CH2 of Cy), 26.34 (d, JCP = 4 Hz, CH2 
of Cy), 26.47 (d, JCP = 3 Hz, CH2 of Cy), 27.31 (d, JCP = 4 Hz, CH2 of Cy), 37.05 (d, JCP = 45 Hz, CH of 
Cy), 53.48 (s, C–CN of fc), 73.22 (d, JCP = 8 Hz, CH of fc), 73.81 (s, CH of fc), 73.89 (s, CH of fc), 
74.08 (d, JCP = 9 Hz, CH of fc), 75.72 (d, JCP = 67 Hz, C–PCy2 of fc), 119.42 (s, C≡N) ppm. 31P{1H} 




m/z = 488 ([M + H]+). IR (Nujol): νmax = 2229 s, 1346 m, 1311 w, 1297 m, 1273 w, 1231 m, 1215 
w, 1200 m, 1181 m, 1169 s, 1115 w, 1084 w, 1063 w, 1038 s, 1027 m, 1002 m, 919 m, 896 m, 
877 w, 851 m, 841 s, 825 m, 816 s, 748 m, 738 m, 633 m, 553 s, 547 s, 528 m, 512 m, 497 s, 486 
m, 462 s, 444 m, 432 m cm–1. Anal. Calc. for C23H30FeNPSe (486.3): C 56.81, H 6.22, N 2.88%. 
Found: C 56.53, H 6.00, N 2.90%. 
Preparation of Ph2(Se)PfcC≡N (7c). The crude product was prepared as described above 
and further purified by column chromatography on silica gel with hexane/ethyl acetate (3:1). 
Only the major orange band was collected. Analytically pure product was obtained after 
evaporation. Yield: 104 mg (88%), orange solid. 1H NMR (399.95 MHz, CDCl3): δ = 4.52 (vt, J′ = 
2.0 Hz, 2 H, CH of fc), 4.60 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.62 (vq, J′ = 2.1 Hz, 2 H, CH of fc), 4.71 
(vq, J′ = 1.8 Hz, 2 H, CH of fc), 7.41-7.52 (m, 6 H, Ph), 7.67-7.74 (m, 4 H, Ph) ppm. 13C{1H} NMR 
(100.58 MHz, CDCl3): δ = 53.32 (s, C–CN of fc), 73.37 (s, CH of fc), 73.61 (s, CH of fc), 74.79 (d, JCP 
= 9 Hz, CH of fc), 75.28 (d, JCP = 12 Hz, CH of fc), 77.21 (d, JCP = 86 Hz, C–PPh2 of fc), 118.88 (s, 
C≡N), 128.46 (d, JCP = 13 Hz, CH of Ph), 131.65 (d, JCP = 3 Hz, CH of Ph), 131.95 (d, JCP = 11 Hz, CH 
of Ph), 132.59 (d, JCP = 79 Hz, Cipso of Ph) ppm. 31P{1H} NMR (161.90 MHz, CDCl3): δ 31.1 (s with 
77Se satellites, 1JPSe = 741 Hz, PPh2) ppm. ESI+ MS: m/z 476 ([M + H]+). IR (Nujol): νmax = 2224 s, 
1308 m, 1230 m, 1199 w, 1191 w, 1171 s, 1155 m, 1098 s, 1069 w, 1032 s, 997 w, 912 m, 840 s, 
827 m, 755 s, 712 m, 702 m, 694 s, 638 m, 575 s, 554 m, 531 s, 490 m, 483 s, 469 m, 452 m, 437 
w cm–1. Anal. Calc. for C23H18FeNPSe (474.2): C 58.26, H 3.83, N 2.95%. Found: C 58.00, H 3.65, N 
2.90%. 
Preparation of Fur2P(Se)PfcC≡N (7d). The general procedure was followed to synthesize 
the crude product, which was purified by chromatography on silica gel in hexane/ethyl acetate 
(1:1). The orange viscous oil, obtained after evaporation of the major orange band, was 
crystallised from hot hexane. Cooling the solution to –18°C resulted in the formation of orange 
crystals, which were collected, washed with pentane and dried under vacuum. Yield: 79 mg 
(70%), orange needles. 1H NMR (399.95 MHz, CDCl3): δ = 4.49 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.65 
(vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.70 (vq, J′ = 1.8 Hz, 2 H, CH of fc), 4.87 (d of vt, J = 2.9 Hz, J′ = 1.9 Hz, 
2 H, CH of fc), 6.52 (dt, J = 3.5 Hz, J = 1.7 Hz, 2 H, CH of Fur), 7.13 (ddd, J = 3.4 Hz, J = 2.5 Hz, J = 0.8 
Hz, 2 H, CH of Fur), 7.75 (ddd, J = 2.2 Hz, J = 1.7 Hz, J = 0.8 Hz, 2 H, CH of Fur) ppm. 13C{1H} NMR 
(100.58 MHz, CDCl3): δ = 53.66 (s, C–CN of fc), 73.31 (s, CH of fc), 73.57 (s, CH of fc), 74.52 (d, JCP 
= 11 Hz, CH of fc), 74.59 (d, JCP = 98 Hz, C–PFur2) of fc), 75.09 (d, JCP = 14 Hz, CH of fc), 111.21 (d, 
JCP = 9 Hz, CH of Fur), 119.01 (s, C≡N), 122.68 (d, JCP = 22 Hz, CH of Fur), 146.27 (d, JCP = 116 Hz, 
Cipso of Fur), 148.78 (d, JCP = 7 Hz, CH of Fur) ppm. 31P{1H} NMR (161.90 MHz, CDCl3): δ = –6.4 (s 
with 77Se satellites, 1JPSe = 777 Hz, PFur2) ppm. ESI+ MS: m/z 456 ([M + H]+). IR (Nujol): νmax = 
2226 s, 1548 m, 1388 m, 1361 m, 1311 w, 1232 w, 1208 m, 1200 m, 1175 m, 1126 s, 1061 w, 




m, 578 s, 557 m, 536 s, 524 m, 512 m, 483 s, 464 s cm–1. Anal. Calc. for C19H14FeNO2PSe (454.1): C 
50.25, H 3.11, N 3.08%. Found: C 50.20, H 3.05, N 2.92%. 
 
General procedure for the synthesis of propargyl amides 8. Under an argon atmosphere, 4-
(dimethylamino)pyridine (61 mg, 0.5 mmol) was dissolved in dry dichloromethane (15 mL), and 
propargylamine (0.35 mL, 5.5 mmol) and dry triethylamine (0.77 mL, 5.5 mmol) were 
successively added. The resulting pale yellow solution was cooled in an ice bath, and the 
appropriate acyl chloride (5.0 mmol) was added dropwise. The reaction mixture was stirred at 
0°C for 15 minutes and then at room temperature overnight. After quenching with water (10 
mL), the organic layer was separated, and the aqueous layer was extracted with 
dichloromethane (2× 5 mL). The combined organic layers were washed with brine, dried over 
anhydrous MgSO4 and evaporated. The crude product was dissolved in hot ethyl 
acetate/heptane mixture in the presence of charcoal and a small amount of silica gel, which were 
filtered off, and the colourless filtrate was allowed to cool slowly to 5°C to provide the target 
amide as a crystalline product.  
 N-(Prop-2-yn-1-yl)benzamide (8a).9 The general procedure was used to prepare 8a, 
yielding 0.49 g (62%) of a colourless crystalline solid. 1H NMR (400.13 MHz, CDCl3): δ = 2.28 (t, 
4JHH = 2.6 Hz, 1H, C≡CH), 4.25 (dd, JHH = 5.2 Hz, 4JHH = 2.6 Hz, 2 H, CH2), 6.48 (br s, 1 H, NH), 7.40-
7.46 (m, 2 H, Ph), 7.48-7.54 (m, 1 H, Ph), 7.76-7.82 (m, 2 H, Ph) ppm. 13C{1H} NMR (100.62 MHz, 
CDCl3): δ = 29.78 (s, CH2), 71.85 (s, C≡CH), 79.50 (s, C≡CH), 127.04 (s, CH of Ph), 128.61 (s, CH of 
Ph), 131.78 (s, CH of Ph), 133.73 (s, Cipso of Ph), 167.13 (s, C=O) ppm. 
4-Methyl-N-(prop-2-yn-1-yl)benzamide (8b).10 The general procedure was used to 
prepare 8b, yielding 0.60 g (69%) of a colourless crystalline solid. 1H NMR (400.1g MHz, CDCl3): 
δ = 2.27 (t, 4JHH = 2.6 Hz, 1 H, C≡CH), 2.39 (s, 3 H, CH3), 4.24 (dd, JHH = 5.2 Hz, 4JHH = 2.6 Hz, 2 H, 
CH2), 6.42 (br s, 1 H, NH), 7.23 (apparent d, JHH = 7.9 Hz, 2 H, CH of C6H4), 7.69 (apparent d, JHH = 
8.2 Hz, 2 H, CH of C6H4) ppm. 13C{1H} NMR (100.62 MHz, CDCl3): δ = 21.47 (s, CH3), 29.72 (s, CH2), 
71.76 (s, C≡CH), 79.64 (s, C≡CH), 127.04 (s, CH of C6H4), 129.25 (s, CH of C6H4), 130.88 (s, Cipso of 
C6H4), 142.24 (s, Cipso of C6H4), 167.06 (s, C=O) ppm. 
 4-Methoxy-N-(prop-2-yn-1-yl)benzamide (8c).9 The general procedure was used to 
prepare 8c, yielding 0.73 g (77%) of a colourless crystalline solid. 1H NMR (400.13 MHz, CDCl3): 
δ = 2.27 (t, 4JHH = 2.6 Hz, 1 H, C≡CH), 3.84 (s, 3 H, OCH3), 4.24 (dd, JHH = 5.2 Hz, 4JHH = 2.6 Hz, 2 H, 
CH2), 6.39 (br s, 1 H, NH), 6.92 (apparent d, JHH = 8.9 Hz, 2 H, CH of C6H4), 7.76 (apparent d, JHH = 
8.9 Hz, 2 H, CH of C6H4) ppm. 13C{1H} NMR (100.62 MHz, CDCl3): δ = 29.71 (s, CH2), 55.41 (s, 
OCH3), 71.70 (s, C≡CH), 79.74 (s, C≡CH), 113.79 (s, CH of C6H4), 126.01 (s, Cipso of C6H4), 128.89 




 4-Chloro-N-(prop-2-yn-1-yl)benzamide (8d).11 The general procedure was used to 
prepare 8d, yielding 0.71 g (73%) of a colourless crystalline solid. 1H NMR (400.13 MHz, CDCl3): 
δ = 2.29 (t, 4JHH = 2.6 Hz, 1 H, C≡CH), 4.24 (dd, JHH = 5.2 Hz, 4JHH = 2.6 Hz, 2 H, CH2), 6.45 (br s, 1 H, 
NH), 7.41 (apparent d, JHH = 8.7 Hz, 2 H, CH of C6H4), 7.73 (apparent d, JHH = 8.7 Hz, 2 H, CH of 
C6H4) ppm. 13C{1H} NMR (100.62 MHz, CDCl3): δ = 29.87 (s, CH2), 72.04 (s, C≡CH), 79.26 (s, 
C≡CH), 128.49 (s, CH of C6H4), 128.89 (s, CH of C6H4), 132.08 (s, Cipso of C6H4), 138.10 (s, Cipso of 
C6H4), 166.09 (s, C=O) ppm. 
4-(Trifluoromethyl)-N-(prop-2-yn-1-yl)benzamide (8e).12 The general procedure was used 
to prepare 8e, yielding 0.86 g (76%) of a colourless crystalline solid. 1H NMR (399.95 MHz, 
CDCl3): δ = 2.30 (t, 4JHH = 2.6 Hz, 1 H, C≡CH), 4.27 (dd, JHH = 5.3 Hz, 4JHH = 2.6 Hz, 2 H, CH2), 6.53 
(br s, 1 H, NH), 7.68-7.73 (m, 2 H, CH of C6H4), 7.88-7.93 (m, 2 H, CH of C6H4) ppm. 13C{1H} NMR 
(100.58 MHz, CDCl3): δ = 29.97 (s, CH2), 72.23 (s, C≡CH), 79.05 (s, C≡CH), 123.59 (q, 1JCF = 273 
Hz, CF3), 125.70 (q, 3JCF = 4 Hz, CH of C6H4), 127.55 (s, CH of C6H4), 133.55 (q, 2JCF = 33 Hz, Cipso of 
C6H4), 136.99 (s, Cipso of C6H4), 165.91 (s, C=O) ppm. 19F NMR (376.29 MHz, CDCl3): δ = –63.3 (s, 
CF3) ppm. 
 N-(Prop-2-yn-1-yl)cyclohexanecarboxamide (8f).13 The general procedure was used to 
prepare 8f, yielding 0.73 g (88%) of a colourless crystalline solid. 1H NMR (400.13 MHz, CDCl3): 
δ = 1.15-1.33 (m, 3 H, CH2 of Cy), 1.37-1.51 (m, 2 H, CH2 of Cy), 1.63-1.71 (m, 1 H, CH2 of Cy), 
1.74-1.92 (m, 4 H, CH2 of Cy), 2.11 (tt, JHH = 11.7 Hz, JHH = 3.5 Hz, 1 H, CH of Cy), 2.22 (t, 4JHH = 2.6 
Hz, 1 H, C≡CH), 4.05 (dd, JHH = 5.2 Hz, 4JHH = 2.6 Hz, 2 H, CH2), 5.77 (br s, 1 H, NH) ppm. 13C{1H} 
NMR (100.62 MHz, CDCl3): δ = 25.68 (s, CH2 of Cy), 25.70 (s, CH2 of Cy), 29.09 (s, CH2), 29.52 (s, 
CH2 of Cy), 45.22 (s, CH of Cy), 71.49 (s, C≡CH), 79.81 (s, C≡CH), 175.65 (s, C=O) ppm. 
 
Kinetic study of gold(I)-catalysed cyclization of propargyl amides 8. Method A. The respective 
amide 8 (typically 0.2 mmol or 0.1 mmol) was dissolved in 0.8 mL of CD2Cl2, and the solution 
was added to a solid catalyst (6 or [Au(MeCN)(PPh3)][SbF6], typically 1 mol.% of Au), which 
immediately dissolved, forming a yellow solution (colourless when using [Au(MeCN)(PPh3)]-
[SbF6] as the catalyst), and the reaction mixture was transferred to the NMR tube. NMR spectra 
were recorded every 10 minutes for 3 hours. Conversion was determined by comparing the 
integral intensities of the signals due to the methylene group of the starting amide and to 
product 9. 
Method B (for low catalyst loadings). A stock solution (containing 0.6 mM “Au”) was 
freshly prepared by dissolving 6d (2.42 mg, 1.5 μmol) in CD2Cl2 in a 5-mL volumetric flask. An 
appropriate amount of stock solution was mixed with a solution of the appropriate N-




was transferred to the NMR tube. NMR spectra were recorded every 10 minutes for 90 min. 
Conversion was determined as specified above.  
 
Catalyst poisoning experiment. The solution of amide 8a (31.8 mg, 0.2 mmol) and 
(PhCH2NEt3)Cl (0.6 mg, 2.6 µmol) in CD2Cl2 (0.8 mL) was added onto the solid 6d (1.61 mg, 1.0 
µmol), which immediately dissolved. The resulting yellow solution was transferred to an NMR 
tube. 1H NMR spectra were collected every 10 minutes for the period of 30 minutes. 
 
Catalytic experiments with isolation of the product. A solution of the appropriate amide 8 (0.2 
mmol) in dry dichloromethane (0.8 mL) was added to a vial loaded with catalyst 6d (1.61 mg, 
1.0 µmol), and the mixture was stirred at room temperature for 3 hours. The product was then 
isolated by chromatography on a silica gel column using hexane/ethyl acetate (5:1) as the 
eluent. The evaporation of the eluate provided the product in sufficient purity. Note: Prolonged 
storage of the product in the presence of oxygen leads to its degradation to peroxo-compounds, 
as previously described.12 
5-Methylene-2-phenyl-4,5-dihydrooxazole (9a).9 Colourless liquid. 1H NMR (400.13 MHz, 
CDCl3): δ = 4.36 (q, 2JHH ≈ 4JHH ≈ 2.7 Hz, 1 H, C=CHH), 4.65 (t, 4JHH ≈ 2.9 Hz, 2 H, NCH2), 4.81 (q, 2JHH 
≈ 4JHH ≈ 3.0 Hz, 1 H, C=CHH), 7.40-7.47 (m, 2 H, CH of C6H5), 7.47-7.54 (m, 1 H, CH of C6H5), 7.94-
8.01 (m, 2 H, CH of C6H5) ppm. 13C{1H} NMR (100.62 MHz, CDCl3): δ = 57.77 (s, NCH2), 83.74 (s, 
C=CH2), 126.77 (s, Cipso of C6H5), 127.99 (s, CH of C6H5), 128.48 (s, CH of C6H5), 131.79 (s, CH of 
C6H5), 158.85 (s, C=CH2), 163.70 (s, C=N) ppm. 
 5-Methylene-2-(4-methylphenyl)-4,5-dihydrooxazole (9b).14 Colourless liquid. 1H NMR 
(400.13 MHz, CDCl3): δ = 2.40 (s, 3 H, CH3), 4.34 (q, 2JHH ≈ 4JHH ≈ 2.7 Hz, 1 H, C=CHH), 4.63 (t, 4JHH ≈ 
2.9 Hz, 2 H, NCH2), 4.80 (q, 2JHH ≈ 4JHH ≈ 3.0 Hz, 1 H, C=CHH), 7.24 (apparent d, JHH = 7.6 Hz, 2 H, 
CH of C6H4), 7.86 (apparent d, JHH = 8.2 Hz, 2 H, CH of C6H4) ppm. 13C{1H} NMR (100.62 MHz, 
CDCl3): δ = 21.61 (s, CH3), 57.72 (s, NCH2), 83.52 (s, C=CH2), 123.98 (s, Cipso of C6H4), 127.95 (s, 
CH of C6H4), 129.21 (s, CH of C6H4), 142.26 (s, Cipso of C6H4), 158.94 (s, C=CH2), 163.78 (s, C=N) 
ppm. 
 2-(4-Methoxyphenyl)-5-methylene-4,5-dihydrooxazole (9c).9 Colourless solid. 1H NMR 
(400.13 MHz, CDCl3): δ = 3.85 (s, 3 H, CH3), 4.34 (q, 2JHH ≈ 4JHH ≈ 2.7 Hz, 1 H, C=CHH), 4.62 (t, 4JHH ≈ 
2.8 Hz, 2 H, NCH2), 4.78 (q, 2JHH ≈ 4JHH ≈ 2.9 Hz, 1 H, C=CHH), 6.94 (apparent d, JHH = 8.9 Hz, 2 H, 
CH of C6H4), 7.92 (apparent d, JHH = 8.9 Hz, 2 H, CH of C6H4) ppm. 13C{1H} NMR (100.62 MHz, 
CDCl3): δ = 55.38 (s, CH3), 57.70 (s, NCH2), 83.37 (s, C=CH2), 113.87 (s, CH of C6H4), 119.24 (s, 





 2-(4-Chlorophenyl)-5-methylene-4,5-dihydrooxazole (9d). Colourless solid. 1H NMR 
(400.13 MHz, CDCl3): δ = 4.37 (q, 2JHH ≈ 4JHH ≈ 2.7 Hz, 1 H, C=CHH), 4.64 (t, 4JHH ≈ 2.9 Hz, 2 H, 
NCH2), 4.81 (q, 2JHH ≈ 4JHH ≈ 3.0 Hz, 1 H, C=CHH), 7.42 (apparent d, JHH = 8.7 Hz, 2 H, CH of C6H4), 
7.91 (apparent d, JHH = 8.6 Hz, 2 H, CH of C6H4) ppm. 13C{1H} NMR (100.62 MHz, CDCl3): δ = 57.80 
(s, NCH2), 84.07 (s, C=CH2), 125.26 (s, Cipso of C6H4), 128.85 (s, CH of C6H4), 129.32 (s, CH of C6H4), 
138.06 (s, Cipso of C6H4), 158.67 (s, C=CH2), 162.85 (s, C=N) ppm. Anal. Calc. for C10H8ClNO 
(193.6): C 32.03, H 4.16, N 7.23%. Found: C 62.35, H 4.32, N 6.96%. 
 5-Methylene-2-(4-(trifluoromethyl)phenyl)-4,5-dihydrooxazole (9e).14 White solid. 1H NMR 
(399.95 MHz, CDCl3): δ = 4.41 (q, 2JHH ≈ 4JHH ≈ 2.8 Hz, 1 H, C=CHH), 4.68 (t, 4JHH ≈ 2.9 Hz, 2 H, 
NCH2), 4.85 (q, 2JHH ≈ 4JHH ≈ 3.1 Hz, 1 H, C=CHH), 7.71 (apparent d, JHH = 8.1 Hz, 2 H, CH of C6H4), 
8.10 (apparent d, JHH = 8.0 Hz, 2 H, CH of C6H4) ppm. 13C{1H} NMR (100.58 MHz, CDCl3): δ = 57.89 
(s, NCH2), 84.45 (s, C=CH2), 123.70 (q, 1JCF = 273 Hz, CF3), 125.51 (q, 3JCF = 4 Hz, CH of C6H4), 
128.39 (s, CH of C6H4), 130.12 (s, Cipso of C6H4), 133.42 (q, 2JCF = 33 Hz, Cipso of C6H4), 158.54 (s, 
C=CH2), 162.60 (s, C=N) ppm. 19F NMR (376.29 MHz, CDCl3): δ = –63.3 (s, CF3) ppm. 
 2-Cyclohexyl-5-methylene-4,5-dihydrooxazole (9f).15 Colourless liquid. 1H NMR (400.13 
MHz, CDCl3): δ = 1.17-1.37 (m, 3 H, CH2 of Cy), 1.39-1.52 (m, 2 H, CH2 of Cy), 1.63-1.72 (m, 1 H, 
CH2 of Cy), 1.74-1.84 (m, 2 H, CH2 of Cy), 1.92-2.01 (m, 2 H, CH2 of Cy), 2.36 (tm, JHH = 11.3 Hz, 1 H, 
CH of Cy), 4.23 (q, 2JHH ≈ 4JHH ≈ 2.6 Hz, 1 H, C=CHH), 4.40 (td, 4JHH = 2.9 Hz, 5JHH = 1.4 Hz, 2 H, 
NCH2), 4.63 (q, 2JHH ≈ 4JHH ≈ 2.9 Hz, 1 H, C=CHH) ppm. 13C{1H} NMR (100.62 MHz, CDCl3): δ = 
25.53 (s, CH2 of Cy), 25.80 (s, CH2 of Cy), 29.38 (s, CH2 of Cy), 37.38 (s, CH of Cy), 57.13 (s, NCH2), 







Full-set diffraction data (±h±k±l, θmax = 26.0 or 27.5°) were collected using a Bruker D8 
VENTURE Kappa Duo instrument equipped with a PHOTON100 detector, a IµS micro-focus X-ray 
tube (Mo Kα radiation, λ = 0.71073 Å) and a Cryostream cooler (Oxford Cryosystems). The 
structures were solved using direct methods (SHELXT-2014)16 and subsequently refined by full-
matrix least-squares based on F2 using SHELXL-2014 or SHELXL-2017.17 All non-hydrogen 
atoms were refined with anisotropic displacement parameters. The hydrogen atoms were 
included in their theoretical positions and refined as riding atoms with Uiso(H) set to a 1.2Ueq of 
their bonding carbon atom. The cyano group in the structure of 5a was disordered over two 
positions. The refined occupancies were 47:53. A recent version of the PLATON program18 was 
used to perform geometric calculations and to prepare all structural diagrams. Selected 
crystallographic data, data collection and structure refinement parameters are outlined in Table 
S1. The individual structures are discussed below.  
CCDC 1909789 (1d), 1909790 (4), 1909791 (5a), 1909792 (5b), 1909793 (5d), 
1909794 (6b⋅Me2CO), and 1909795 (6d), contain the supplementary crystallographic data for 







Table S1. Selected crystallographic data and structure refinement parameters 
 
Compound 1d 4 
Formula C19H14FeNO2P C22H16Br2Fe2N2 
M/g mol−1 375.13 579.89 
Crystal system monoclinic monoclinic 
Space group P21/c (No. 14) P21/n (No. 14) 
T/K 150(2) 120(2) 
a/Å 10.7290(4) 13.7570(4) 
b/Å 19.7011(8) 10.0313(3) 
c/Å 7.6835(3) 14.6288(4) 
α/deg 90 90 
β/deg 93.613(1) 110.809(1) 
γ/deg 90 90 
V/Å3 1620.9(1) 1887.10(9) 
Z 4 4 
µ(Mo Kα)/mm–1 1.039 5.783 
F(000) 768 1136 
Diffrns collected 16586 27109 
Independent diffrns 3704 4317 
Observed diffrnsa 3430 4005 
Rintb/% 2.17 3.48 
No. of parameters 217 253 
Rc obsd diffrns/% 2.37 1.93 
R, wRc all data /% 2.67, 5.97 2.20, 4.57 
∆ρ/e Å–3 0.33, −0.34 0.39, −0.64 
 
a Diffractions with I > 2σ(I). b Definitions: Rint = Σ|Fo2 - Fo2(mean)|/ΣFo2, where Fo2(mean) denotes 







Table S1 continued 
 
Compound 5a 5b 5d 
Formula C17H22AuClFeNP C23H30AuClFeNP C19H14AuClFeNO2P 
M/g mol−1 559.59 639.71 607.55 
Crystal system monoclinic monoclinic monoclinic 
Space group P21/n (No. 14) P21/c (No. 14) P21/c (No. 14) 
T/K 120(2) 120(2) 150(2) 
a/Å 10.3726(5) 9.0034(5) 10.8892(4) 
b/Å 9.1257(5) 14.2805(8) 8.6369(3) 
c/Å 19.301(1) 17.7023(11) 20.4246(7) 
α/deg 90 90 90 
β/deg 94.845(2) 99.915(2) 97.231(1) 
γ/deg 90 90 90 
V/Å3 1820.5(2) 2242.0(2) 1905.6(1) 
Z 4 4 4 
µ(Mo Kα)/mm–1 9.076 7.383 8.688 
F(000) 1072 1248 1152 
Diffrns collected 22513 15883 23652 
Independent diffrns 4180 5157 4365 
Observed diffrnsa 3945 4604 4125 
Rintb/% 2.15 2.18 2.29 
No. of parameters 211 253 236 
Rc obsd diffrns/% 1.30 1.82 1.43 
R, wRc all data /% 1.47, 2.66 2.29, 3.59 1.63, 3.10 






Table S1 continued 
 
Compound 6b·Me2CO 6d 
Formula C49H66Au2F12Fe2N2OP2Sb2 C38H28Au2F12Fe2N2O4P2Sb2 
M/g mol−1 1738.11 1615.70 
Crystal system triclinic monoclinic 
Space group P−1 (No. 2) P21/n (No. 14) 
T/K 120(2) 120(2) 
a/Å 11.534(1) 9.1821(3) 
b/Å 12.008(1) 20.4012(6) 
c/Å 39.793(5) 12.1762(4) 
α/deg 87.710(4) 90 
β/deg 85.000(4) 105.018(1) 
γ/deg 86.529(4) 90 
V/Å3 54777(1) 2203.0(1) 
Z 4 2 
µ(Mo Kα)/mm–1 6.963 8.650 
F(000) 3328 1504 
Diffrns collected 108326 39498 
Independent diffrns 23907 5069 
Observed diffrnsa 21388 4704 
Rintb/% 3.65 3.07 
No. of parameters 1301 290 
Rc obsd diffrns/% 4.15 1.74 
R, wRc all data /% 4.86, 8.03 2.07, 3.54 






Solid-state structure of 4 
 
Compound 4 crystallises with the symmetry of the monoclinic space group P21/n and with one 
molecule in the asymmetric unit. The molecular structure of 4 (Figure S1) consists of the central 
C=N−C≡N moiety doubly substituted by two mutually rotated, chemically equivalent 1′-
bromoferrocen-1-yl units. The angle subtended by the cyclopentadienyl planes C(1-5) and C(21-
25) is 42.9(1)°. The cyclopentadienyls in both substituents are slightly tilted (the dihedral angles 
of the cyclopentadienyl planes are 5.4(1)° and 2.0(1)° for the ferrocene units comprising Fe1 
and Fe2, respectively). Although the cyclopentadienyl rings at both ferrocene units are eclipsed, 
their substituents assume different positions. While they are located above each other (τ = 
0.6(1)°; τ is the torsion angle C1-Cg1-Cg2-C6, where Cg1 and Cg2 are the centroids of the 
cyclopentadienyl rings C(1-5) and C(6-10), respectively) in the Fe1 ferrocene unit, they occupy 
more distant, anticlinal positions (τ = −146.5(1)°) in the Fe2 ferrocene moiety.19 The ranges of 
the individual Fe-C bonds were 2.039(2)-2.060(2) Å and 2.022(2)-2.067(2) Å for Fe1 and Fe2, 
respectively.   
The geometric parameters of the cyanoimine moiety of 4 are similar to those in other 
structurally characterised 1,4-quinonediimines.20 The three chemically different C-N bonds of 4 
are clearly distinguishable by their lengths (C11-N1 = 1.311(2) Å, C12-N1 = 1.336(2) Å, C12-N2 
= 1.157(2) Å) and the cyanomine fragment is bent at C11 (C1-C11-C21 = 119.2(1)°). A slight 
bending is also observed at the terminal C−CN fragment (N1-C12-N2 = 170.7(2)°).  
 
 
Figure S1. PLATON plot of the molecular structure of cyanoimine 4 showing atom labelling and 




Crystal structure of 1d 
 
Compound 1d (Figure S2) crystallises with the symmetry of the monoclinic space group P21/c 
and with one molecule in the asymmetric unit. The molecule of 1d contains an undistorted 
ferrocene moiety with Fe-C distances in the range of 2.029(1)-2.066(1) Å and with parallel 
cyclopentadienyl rings (tilt angle 1.82(8)°). The substituents of the central ferrocene unit in 
positions 1 and 1′ adopt a conformation near anticlinal eclipsed, as evidenced by the τ angle of 
−148.1(1)° (τ is the torsion angle C1-Cg1-Cg2-C6, where Cg1 and Cg2 are the centroids of the 
cyclopentadienyl rings C(1-5) and C(6-10), respectively). The nitrile moiety is linear (C11-N = 
1.144(2) Å, C1-C11-N = 178.3(2)°) and lies in the plane of its parent cyclopentadienyl ring (the 
angle subtended by the C11-N bond and by the least-squares cyclopentadienyl plane C(6-10) is 
2.5(1)°). Similarly, the vector of the pivotal P-C6 bond departs from the plane of its parent 
cyclopentadienyl ring C(1-5) by only 3.21(7)°, and the furyl substituents are oriented above the 
ferrocene unit and to its side; the dihedral angles between the furane rings and the C(1-5) planes 
are 75.70(9)° and 81.67(9)° for the rings comprising O1 and O2, respectively. The dihedral angle 
between the planes of the furane rings is 55.83(9)°. The P-C bonds are 1.814(1) Å (C6), 1.803(1) 
Å (C12), and 1.810(1) Å (C16), and the furane rings show partly localised character (cf. the 
individual C-C bond lengths C12-C13 1.360(2), C13-C14 1.425(2), C14-C15 1.341(2) Å; C16-C17 
1.349(2), C17-C18 1.424(2), C18-C19 1.328(3) Å; the C-O distances in the furane rings are ≈1.37 
Å). 
 
Figure S2. PLATON plot of the molecular structure of phosphine 1d with atom labelling and 




Crystal structures of the chloridogold(I) complexes 5 
 
Molecular structures of 5a, 5b and 5d are presented in Figure S3, and the selected structural 
parameters are outlined in Table S2. The coordination environments of the gold(I) ions in these 
complexes are linear dicoordinate, with Au-donor distances similar to those reported for 
[AuCl(PPh3)]21 and [AuCl(1c-κP)].2 The P−Au−Cl arms in 5a, 5b and 5d, extending from the 
tetrahedral phosphorus atoms, are inclined towards the ferrocene unit. The ferrocene moieties 
are marginally tilted (up to 5° in 5b) and assume different conformations in different 
compounds. In 5a, the CN-substituted cyclopentadienyl ring is disordered over two positions, 
corresponding to eclipsed anticlinal and eclipsed synclinal conformations at the ferrocene unit 
(refined occupancies 53:47). In 5b and 5d, the respective conformations are eclipsed synclinal 
(or 1,2′) and an intermediate conformation near anticlinal eclipsed. When compared to the 
structure of free ligand 1d, the structure of 5d reveals shortened P-C bonds (by 0.01-0.03 Å) due 
to electron density shift from the substituents to the phosphorus atom and less acute C6-P-C16 





Figure S3. PLATON plots of the molecular structures of 5a, 5b and 5d showing atom labelling 
and displacement ellipsoids at the 50% probability level. Both orientations of the disordered CN 





Table S2. Selected distances and angles for the chloridogold(I) complexes 5 (in Å and deg)a  
Parameter 5a (n = 15) 5b (n = 1 ) 5d (n = 16) 
Au-P 2.2361(5) 2.2319(7) 2.2191(6) 
Au-Cl 2.2890(5) 2.2850(7) 2.2817(7) 
P-Au-Cl 177.17(2) 175.06(3) 176.97(2) 
Fe-C (range) 2.030(2)-2.060(2) 2.034(3)-2.054(3) 2.027(2)-2.059(2) 
∠Cp1,Cp2 3.2(1) 5.1(2) 1.4(1) 
τ −145.1(2)/71.4(2)b 69.5(2) −155.4(2) 
C11-N 1.135(6) 1.143(4) 1.139(4) 
P-C6 1.797(2) 1.798(2) 1.788(2) 
P-C12 1.844(2) 1.843(2) 1.789(2) 
P-Cn 1.832(2) 1.831(3) 1.779(2) 
a Parameters Cp1, Cp2 and τ are defined as for the free ligand 1d (see the previous page). 
b Values pertaining to the two orientations of the disordered nitrile group  
 
 
Crystal structures of 6b⋅Me2CO and 6d 
 
Compounds 6b⋅Me2CO and 6d were structurally authenticated by single-crystal X-ray diffraction 
analysis as cationic digold(I) complexes containing a pair of P,N-bridging phosphinonitrile 
ligands, whose charge was compensated for by two hexafluoridoantimonate(V) anions. 
Structure determination of compound 6a also confirmed the dimeric nature of the complex. 
However, the structure could not be satisfactorily refined due to extensive disorder. Compound 
6d crystallises with the symmetry of the monoclinic space group P21/n with the dimeric unit 
[Au2(µ(P,N)-1d)2]2+ located around the crystallographic inversion centre which, in turn, renders 
only half of the complex cation and one [SbF6]– anion symmetrically independent. In the case of 
6b⋅Me2CO, the asymmetric part of the triclinic unit cell (space group P–1) contains one complete 
cationic dimer (Au1 and Au2) and two halves from two additional dimers located at the 
crystallographic inversion centres (Au3 and Au4), four anions and one acetone molecule. 
Structural diagrams for 6b⋅Me2CO and 6d are shown in Figures S4-S6, and the relevant 






Figure S4. Full PLATON plot of the structure of 6b⋅Me2CO with 50% probability ellipsoids 
 
Figure S5. PLATON plot of the complex cation comprising atoms Au1 and Au2 in the structure of 
6b·Me2CO; displacement ellipsoids are scaled to the 50% probability level. 
 
Figure S6. PLATON plot of the molecular structure of 6d (left); PLATON plot of the complex 
cation in the structure of 6d showing atom labelling (right). Displacement ellipsoids enclose 





The overall geometry of the digold(I) cations in the structures of 6b⋅Me2CO and 6d is similar to 
that of the analogous cation resulting from ligand 1d.2 Notably, the Au-P and Au-N distances in 
6d are significantly shorter than in 6b, presumably reflecting the strengthening of these bonds 
by π-back donation in the complex with the weaker-donating ligand 1d. Similarly to 5d, the P-C 
bonds in 6d are approximately 0.2 Å shorter than those in the uncoordinated ligand 1d. By 
contrast, the C≡N bond lengths remain virtually unaffected by coordination in all cases. The 
ferrocene moieties assume conformations near synclinal eclipsed (ideal value: τ = 72°), which 
brings the phosphine moiety to the side of the ferrocene scaffold and thus gives rise to an 
arrangement in which the P-Au-N moieties are mutually offset. Yet, the variation in the τ 
parameter among structurally independent but chemically identical fragments in the structure 
of 6b⋅Me2CO suggests that the coordination of the phosphinonitrile ligands is rather flexible, 
thus allowing conformational changes within dimeric cations. 
 











Au-P 2.241(2) 2.250(2) 2.237(2) 2.239(2) 2.2139(7) 
Au-N 2.048(6) 2.047(6) 2.054(6) 2.050(6) 2.032(2) 
P-Au-N 177.7(2) 178.0(2) 174.4(2) 174.4(2) 176.21(7) 
Fe-C (range) 2.034(6)-2.064(6) 2.013(6)-2.062(7) 2.021(6)-2.051(7) 2.033(6)-2.058(7) 2.023(3)-2.063(3) 
∠Cp1,Cp2 7.5(4) 6.8(4) 3.3(4) 3.3(4) 3.1(2) 
τ –68.2(5) 74.6(4) –60.5(5) 57.1(5) –78.4(2) 
C11-N 1.137(8) 1.139(9) 1.132(9) 1.140(8) 1.140(3) 
P-C6 1.792(6) 1.795(6) 1.797(6) 1.789(6) 1.783(3) 
P-C12 1.846(6) 1.841(6) 1.838(6) 1.845(6) 1.792(3) 
P-Cn 1.830(6) 1.846(6) 1.829(6) 1.828(6) 1.785(3) 












Figure S7. Representative 1H NMR spectra illustrating the conversion of 8a into 9a  


























Figure S8. ln([8a]/[8a]0) vs. time plots of different catalysts illustrating the departure from 
first-order behaviour at higher conversions (in CD2Cl2, [8a]0 = 0.25 M, 25°C); the rate constants 




Figure S9. Kinetic profiles for the cyclisation of substrate 8a catalysed by varying  






Figure S10. Linear relationship between catalyst concentration and observed reaction rate of 
the cyclisation of substrate 8a catalysed by complex 6d (in CD2Cl2, [8a]0 = 0.25 M, 25°C). 







DFT computations  
 
DFT calculations have been performed using the PBE0 density functional22 in conjunction with 
the SDD (Fe, Au)23 and cc-pVDZ (C, H, N, O, and P)24 basis sets, as implemented in the Gaussian 
09 program package, revision D.25 Solvent effects (dichloromethane) have been approximated 
using the polarised continuum model (PCM).26 Geometry optimisations were started from 
geometries determined by crystallographic analysis where possible. Reported energies refer to 
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Copies of the NMR spectra 
 
 
Figure S11. 1H NMR spectrum (400 MHz, CDCl3) of 4  
 




Figure S13. 1H NMR spectrum (400 MHz, CDCl3) of 1a  









Figure S16. 1H NMR spectrum (400 MHz, CDCl3) of 1b  









Figure S19. 1H NMR spectrum (400 MHz, CDCl3) of 1d  










Figure S22. 1H NMR spectrum (400 MHz, CDCl3) of 5a  









Figure S25. 1H NMR spectrum (400 MHz, CDCl3) of 5b   









Figure S28. 1H NMR spectrum (400 MHz, CDCl3) of 5d  









Figure S31. 1H NMR spectrum (400 MHz, acetone-d6) of 6a  




Figure S33. 1H NMR spectrum (400 MHz, acetone-d6) of 6b   





Figure S35. 1H NMR spectrum (400 MHz, acetone-d6) of 6d   




Figure S37. 1H NMR spectrum (400 MHz, CDCl3) of 7a  









Figure S40. 1H NMR spectrum (400 MHz, CDCl3) of 7b   









Figure S43. 1H NMR spectrum (400 MHz, CDCl3) of 7c      









Figure S46. 1H NMR spectrum (400 MHz, CDCl3) of 7d   









Figure S49. 1H NMR spectrum (400 MHz, CDCl3) of 8a  




Figure S51. 1H NMR spectrum (400 MHz, CDCl3) of 8b   




Figure S53. 1H NMR spectrum (400 MHz, CDCl3) of 8c      




Figure S55. 1H NMR spectrum (400 MHz, CDCl3) of 8d   





Figure S57. 1H NMR spectrum (400 MHz, CDCl3) of 8e   










Figure 60. 1H NMR spectrum (400 MHz, CDCl3) of 8f   




Figure S62. 1H NMR spectrum (400 MHz, CDCl3) of 9a  




Figure S64. 1H NMR spectrum (400 MHz, CDCl3) of 9b   




Figure S66. 1H NMR spectrum (400 MHz, CDCl3) of 9c      




Figure S68. 1H NMR spectrum (400 MHz, CDCl3) of 9d   




Figure S70. 1H NMR spectrum (400 MHz, CDCl3) of 9e   










Figure S73. 1H NMR spectrum (400 MHz, CDCl3) of 9f   
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Materials and methods 
 
All syntheses were performed under an argon atmosphere using standard Schlenk techniques. 
Solvents were purchased from Lach-Ner (Czech Republic, analytical grade) and used without 
further purification (typically during chromatography or for crystallisation). Tetrahydrofuran, 
methanol and dichloromethane (HPLC quality) utilised for syntheses were dried using a Pure 
Solv MD-5 solvent purification system (Innovative Technology, USA). Toluene was dried over 
sodium and distilled under an argon atmosphere. 1-(Diphenylphosphino)-1′-aminoferrocene 
was prepared by following the literature procedure.1 Other starting materials were products of 
Merck, Alfa-Aesar and TCI and were used as received. 
 1H, 13C and 31P NMR spectra were recorded at 25°C (unless otherwise stated) on a Varian 
INOVA 400 spectrometer operating at 399.95, 100.58, and 161.90 MHz, respectively. The 
chemical shifts (δ in ppm) are given relative to tetramethylsilane (1H and 13C) as internal 
reference, and to 85% aqueous H3PO4 (31P) as external reference. FTIR spectra were recorded on 
a Nicolet 6700 FTIR spectrometer over the range of 400-4000 cm–1. The spectra were collected 
in diffuse reflectance (DRIFTS) mode using samples diluted with KBr. ESI mass spectra were 
recorded with a Compact QTOF-MS spectrometer (Bruker Daltonics) from samples dissolved in 
HPLC-grade methanol. The UV-Vis absorption spectra were measured on a UNICAM UV 300 
(Thermo Spectronic) spectrometer from dichloromethane solutions (c = 5·10–5 M) in the range 
of 200-800 nm. Elemental analyses were determined with a Perkin–Elmer 2400 Series II 
CHNS/O analyser. The presence of residual solvent (if any) was confirmed by NMR analysis. 
Details of electrochemical and Mössbauer spectroscopy measurements as well as of theoretical 
computations are provided below. 
The following abbreviations are used in the text below: fc = ferrocene-1,1′-diyl, iPr = iso-
propyl, Cy = cyclohexyl, Xyl = 2,6-dimethylphenyl (xylyl); vt and vq denote virtual triplets and 







General procedures for the synthesis of guanidines Ph2PfcN=C(NHR)2 (1) 
 
 
Method A (adopted from ref. 2). 1-(Diphenylphosphino)-1′-aminoferrocene (2; 0.77 g, 2.0 mmol) 
was introduced into a flask equipped with a stirring bar and a condenser, and argon atmosphere 
was established. Dry toluene (40 mL) was introduced via syringe followed by a solution of the 
respective carbodiimide (2.2 mmol) in toluene (10 mL). Finally, diethylzinc (0.2 mL of 1M 
solution in hexanes, 0.2 mmol) was added and the resulting orange solution was heated at 60 °C 
for the indicated time (3 hours for R = iPr, 5 hours for R = Cy, and overnight for R = Xyl) during 
which time the solution turned red. After cooling to room temperature, the reaction was 
terminated by adding dry methanol (1 mL), and the turbid, dark orange solution was filtered 
through a Celite pad. A crude product obtained by evaporation of the filtrate (typically as an 
orange viscous oil) was further purified depending on the guanidine substitution as described 
below. 
 Method B. 1-(Diphenylphosphino)-1′-aminoferrocene (2; 0.77 g, 2.0 mmol) was dissolved 
in dry tetrahydrofuran (15 mL) under argon atmosphere. The orange solution was cooled on ice 
and n-butyllithium (1.25 mL of 1.6 M solution in hexanes, 2.0 mmol) was added dropwise, 
whereupon the mixture turned red. The solution was stirred for 15 minutes while cooling and 
then a solution of the appropriate carbodiimide (2.0 mmol) in dry tetrahydrofuran (10 mL) was 
added (the colour of the reaction mixture turned orange again). The resulting solution was 
stirred at room temperature for 2 hours and then the reaction was terminated by water addition 
(5 mL). The organic phase was separated and the aqueous phase was extracted with diethyl 
ether (5 mL). Combined organic fractions were washed with brine (5 mL) and dried over 
magnesium sulfate. Subsequent filtration and evaporation under reduced pressure afforded a 
crude product, which was further purified depending on the substitution pattern. 
Note: Both methods are optimised to provide almost quantitative conversion of the starting 
materials. Thus, the purification procedures described below are applicable for both methods. 
 
N-[1′-(diphenylphosphino)ferrocene-1-yl]-N′,N′′-bis(1-methylethyl)guanidine (1a). The 
crude product was crystallised from hot hexane (ca. 50 mL). Tiny orange needles, that developed 
while the solution was gradually cooled to 4 °C, were isolated, washed with pentane and dried 
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under vacuum. Yield of 1a for method A: 0.87 g (85%), for method B: 0.76 g (74%); orange 
crystalline solid. Crystals suitable for structure determination were obtained analogously. 
1H NMR (CDCl3): δ 1.18 (d, 3JHH = 6.4 Hz, 12 H, CHMe2), 3.77 (broad s, 2 H, CHMe2), 3.96 
(m, 4 H, CH of fc), 4.08 (vq, J′ = 1.9 Hz, 2 H, CH of fc), 4.38 (vt, J′ = 1.7 Hz, 2 H, CH of fc), 7.27-7.32 
(m, 6 H, CH of PPh2), 7.33-7.39 (m, 4 H, CH of PPh2). Signals due to guanidine NH were not 
observed. 13C{1H} NMR (CDCl3): δ 23.49 (s, CHMe2), 42.87 (broad s, CHMe2), 62.19 (s, CH of fc), 
66.16 (d, JCP = 2 Hz, CH of fc), 71.58 (d, JCP = 4 Hz, CH of fc), 72.76 (d, JCP = 14 Hz, CH of fc), 75.04 
(d, 1JCP = 5 Hz, Cipso–P of fc), 106.89 (s, Cipso–N of fc), 128.06 (d, JCP = 7 Hz, CH of PPh2), 128.29 (s, 
CH of PPh2), 133.42 (d, JCP = 19 Hz, CH of PPh2), 139.16 (d, 1JCP = 10 Hz, Cipso of PPh2), 150.72 (s, 
Cipso of guanidine). 31P{1H} NMR (CDCl3): δ –16.5 (s). ESI+ MS: m/z 512 ([M + H]+); ESI– MS: m/z 
510 ([M – H]–). FTIR (DRIFTS): νmax 3401 m, 3353 m, 3092 w, 3068 w, 3052 w, 2977 m, 2930 w, 
2871 w, 1594 s, 1530 s, 1479 s, 1463 m, 1433 m, 1380 m, 1363 m, 1343 w, 1302 w, 1292 w, 
1256 w, 1191 w, 1178 m, 1158 m, 1133 w, 1086 w, 1024 m, 892 w, 856 w, 844 w, 820 m, 812 w, 
802 w, 743 s, 720 w, 698 s, 654 w, 542 w, 521 w, 508 w, 492 m, 483 m, 459 w, 442 w cm−1. Anal. 
Calc. for C29H34FeN3P (511.4): C 68.11, H 6.70, N 8.22%. Found: C 68.11, H 6.90, N 8.12%. 
 
N-[1′-(diphenylphosphino)ferrocene-1-yl]-N′,N′′-dicyclohexylguanidine (1b). The crude 
product was purified by column chromatography on silica gel. Firstly, non-polar impurities and 
traces of the starting materials were removed using hexane/ethyl acetate 3:1 (v/v) and then the 
mobile phase was changed to hexane/ethyl acetate/triethylamine 25:25:1 mixture and the 
major orange band due to the product was collected and evaporated. The orange waxy residue 
was lyophilised and residual solvents were removed under high vacuum. Yield of 1b for method 
A: 1.06 g (90%), for method B: 1.02 g (86%); light orange powder. The compound is hygroscopic. 
1H NMR (CDCl3): δ 1.04-1.42 (m, 10 H, Cy), 1.56-1.78 (m, 6 H, Cy), 1.92-2.04 (m, 4 H, Cy), 
3.37 (broad s, 2 H, Cy), 3.96 (vt, J′ = 1.8 Hz, 2 H, CH of fc), 3.97 (vt, J′ = 1.7 Hz, 2 H, CH of fc), 4.07 
(vq, J′ = 1.8 Hz, 2 H, CH of fc), 4.38 (vt, J′ = 1.7 Hz, 2 H, CH of fc), 7.27-7.32 (m, 6 H, CH of PPh2), 
7.32-7.39 (m, 4 H, CH of PPh2). Signals due to guanidine NH were not observed. 13C{1H} NMR 
(CDCl3): δ 25.10 (s, Cy), 25.65 (s, Cy), 33.99 (s, Cy), 50.10 (broad s, Cy), 62.17 (s, CH of fc), 66.25 
(s, CH of fc), 71.67 (d, JCP = 4 Hz, CH of fc), 72.75 (d, JCP = 14 Hz, CH of fc), 74.94 (d, 1JCP = 5 Hz, 
Cipso–P of fc), 106.94 (s, Cipso–N of fc), 128.06 (d, JCP = 7 Hz, CH of PPh2), 128.30 (s, CH of PPh2), 
133.44 (d, JCP = 19 Hz, CH of PPh2), 139.13 (d, 1JCP = 10 Hz, Cipso of PPh2), 150.72 (s, Cipso of 
guanidine). 31P{1H} NMR (CDCl3): δ –16.5 (s). ESI+ MS: m/z 592 ([M + H]+); ESI– MS: m/z 590 ([M 
– H]–). FTIR (DRIFTS): νmax 3343 m, 3068 w, 3050 w, 2928 s, 2852 s, 1608 s, 1521 s, 1477 s, 1450 
m, 1433 m, 1382 m, 1365 w, 1343 m, 1255 w, 1235 w, 1191 w, 1158 m, 1135 m, 1113 w, 1091 
w, 1026 m, 889 w, 822 m, 743 s, 697 s, 631 w, 519 w, 489 m, 456 w cm−1. Anal. Calc. for 




The crude product was purified by column chromatography on silica gel using hexane/ethyl 
acetate 3:1 (v/v) mixture as an eluent. After a pale yellow band of unreacted phosphinoamine 2 
was removed, the mobile phase was changed to hexane/ethyl acetate/triethylamine 25:25:1 
mixture and the major orange band containing the product was collected and evaporated. The 
resulting orange viscous oil was crystallised from hot heptane (ca. 30 mL). Orange prisms (also 
used for structure determination) obtained by cooling the solution gradually to room 
temperature were isolated by suction, washed with pentane and dried under vacuum. Yield of 1c 
for method A: 1.05 g (82%), for method B: 0.97 g (76%); orange crystalline solid. 
1H NMR (toluene-d8, –25°C): δ 1.96 (s, 6 H, CH3), 2.42 (s, 6 H, CH3), 3.63 (vt, J′ = 1.9 Hz, 2 
H, CH of fc), 4.08 (vq, J′ = 1.8 Hz, 2 H, CH of fc), 4.29 (s, 1 H, NH), 4.32 (vt, J′ = 1.7 Hz, 2 H, CH of 
fc), 4.46 (vt, J′ = 1.9 Hz, 2 H, CH of fc), 4.85 (s, 1 H, NH), 6.71 (d, JHH = 7.6 Hz, 2 H, aromatics), 6.82 
(t, JHH = 7.5 Hz, 1 H, aromatics), 6.94-7.06 (m, 7 H, aromatics), 7.19 (d, JHH = 7.5 Hz, 2 H, 
aromatics), 7.30-7.42 (m, 4 H, aromatics). 1H NMR (toluene-d8, 100°C): δ 2.27 (s, 12 H, CH3), 3.76 
(vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.07 (vq, J′ = 1.9 Hz, 2 H, CH of fc), 4.24 (vt, J′ = 1.7 Hz, 2 H, CH of fc), 
4.36 (s, 2 H, CH of fc), 4.94 (broad s, 2 H, NH), 6.87-6.93 (m, 2 H, aromatics), 6.95-7.11 (m, 10 H, 
aromatics), 7.36-7.43 (m, 4 H, aromatics). 31P{1H} NMR (CDCl3, 25°C): δ –17.1 (s, major 
tautomer), –19.3 (s, minor tautomer). ESI+ MS: m/z 636 ([M + H]+), 668 ([M + MeOH + H]+); ESI– 
MS: m/z 634 ([M – H]–), 666 ([M + MeOH – H]–). FTIR (DRIFTS): νmax 3423 m, 3365 m, 3086 w, 
3066 w, 3051 w, 3012 w, 2974 w, 2959 w, 2917 w, 2852 w, 1659 s, 1589 m, 1568 w, 1538 s, 
1476 s, 1432 m, 1390 m, 1365 m, 1354 m, 1295 m, 1249 w, 1235 w, 1213 m, 1193 m, 1179 w, 
1159 m, 1094 m, 1068 w, 1061 w, 1044 w, 1028 m, 1022 m, 994 w, 979 w, 943 w, 914 w, 885 w, 
867 w, 848 w, 826 m, 796 w, 776 m, 762 m, 746 s, 700 s, 632 w, 621 w, 521 w, 493 m, 453 m, 
441 w cm−1. Anal. Calc. for C39H38FeN3P (635.6): C 73.70, H 6.03, N 6.61%. Found: C 73.52, H 6.01, 
N 6.54%. 
 
Preparation of complexes cis-[PdCl2{Ph2PfcN=C(NHR)2-κ2P,N}] (3) for R = iPr, Cy.  
 
 
This method is applicable only for the iso-propyl and cyclohexyl substituted guanidines, where 
cis-[PdCl2{Ph2PfcN=C(NHR)2-κ2P,N}] is the dominant product (traces of the corresponding 4-
type complexes are also detected). For the xylyl-substituted ligand, this protocol leads to a 
mixture of three major coordination species (see the main text). 
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Bis(acetonitrile)dichloropalladium(II) (130 mg, 0.5 mmol) and the respective ligand 1 
(0.5 mmol) were dissolved in dry dichloromethane (15 mL) under argon atmosphere. The dark 
red solution was stirred at room temperature for 2 hours and then was filtered through a PTFE 
syringe filter (0.45 µm pore size) and evaporated under vacuum. Sonication of the dark red 
crude product in a minimum amount of acetone (ca. 5 mL) resulted in the formation of 
precipitate, which was collected, washed with pentane and dried under vacuum. 
 
cis-[PdCl2{Ph2PfcN=C(NHiPr)2-κ2P,N}] (3a). Following the general procedure, 317 mg of rusty 
brown powder was isolated. Recrystallization by liquid phase diffusion of methyl tert-butyl 
ether into a dichloromethane solution of the product over several days afforded 286 mg (83%) 
of 3a as red crystals. Crystals suitable for structure determination were obtained by diffusion of 
diethyl ether vapours into a chloroform solution of the compound. 
1H NMR (CD2Cl2): δ 1.22 (broad s, 12 H, CHMe2), 3.34-4.16 (very broad s, 2 H, CHMe2), 
3.96 (m, 1 H, CH of fc), 4.24 (m, 1 H, CH of fc), 4.29 (m, 1 H, CH of fc), 4.39 (m, 1 H, CH of fc), 4.49 
(m, 1 H, CH of fc), 4.72 (m, 1 H, CH of fc), 5.37 (m, 1 H, CH of fc), 5.60 (m, 1 H, CH of fc), 7.28-7.34 
(m, 2 H, CH of PPh2), 7.35-7.43 (m, 3 H, CH of PPh2), 7.45-7.52 (m, 2 H, CH of PPh2), 7.55-7.62 (m, 
1 H, CH of PPh2), 7.91-8.00 (m, 2 H, CH of PPh2). Signals due to guanidine NH were not observed. 
13C{1H} NMR (CD2Cl2): δ 23.76 (s, CHMe2), 47.18 (s, CHMe2), 65.81 (s, CH of fc), 68.82 (s, CH of fc), 
68.99 (s, CH of fc), 69.67 (s, CH of fc), 71.66 (d, 1JCP = 60 Hz, Cipso–P of fc), 71.82 (d, JCP = 6 Hz, CH 
of fc), 74.43 (d, JCP = 10 Hz, CH of fc), 76.10 (d, JCP = 4 Hz, CH of fc), 78.56 (d, JCP = 20 Hz, CH of fc), 
111.62 (d, JCP = 2 Hz, Cipso–N of fc), 127.94 (d, JCP = 12 Hz, CH of PPh2), 128.93 (d, JCP = 11 Hz, CH of 
PPh2), 129.69 (d, 1JCP = 51 Hz, Cipso of PPh2), 130.48 (d, JCP = 3 Hz, CH of PPh2), 131.94 (d, JCP = 3 
Hz, CH of PPh2), 132.89 (d, JCP = 10 Hz, CH of PPh2), 133.12 (d, 1JCP = 57 Hz, Cipso of PPh2), 134.53 
(d, JCP = 11 Hz, CH of PPh2), 160.87 (s, Cipso of guanidine). 31P{1H} NMR (CD2Cl2): δ 26.3 (s). ESI+ 
MS: m/z 616 ([M – HCl – Cl]+), 654 ([M – Cl]+). FTIR (DRIFTS): νmax 3288 s, 2974 m, 2959 w, 2928 
w, 2867 w, 1578 s, 1560 s, 1482 m, 1463 m, 1435 m, 1405 w, 1387 m, 1365 w, 1322 m, 1308 w, 
1256 w, 1196 w, 1171 m, 1130 w, 1099 m, 1090 w, 1030 w, 1020 m, 818 m, 751 m, 746 m, 708 
w, 696 s, 632 w, 526 s, 506 m, 477 s cm–1. Anal. Calc. for C29H34Cl2FeN3PPd (688.8): C 50.57, H 
4.98, N 6.10%. Found: C 50.05, H 4.79, N 5.81%. The samples isolated from chlorinated solvents 
are typically contaminated with another species (ca. 3%), presumably [PdCl3(1aH-κP)].3 
 
cis-[PdCl2{Ph2PfcN=C(NHCy)2-κ2P,N}] (3b). General procedure provided 321 mg (83%) of 3b as 
a rusty powder. Crystals used for structure determination were obtained by liquid-phase 
diffusion of hexane into a 1,2-dichloroethane solution of the product. The precipitated product is 
sufficiently pure for further synthesis. An analytical sample was obtained by recrystallization as 
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described. However, partial decomposition of the product during the recrystallization was 
observed. Consequently, the yield decreased to only 196 mg (51%) of red crystals of 3b. 
 1H NMR (CD2Cl2): δ 0.90-2.10 (m, 20 H, Cy), 2.90-3.70 (very broad s, 2 H, Cy), 3.97 (m, 1 
H, CH of fc), 4.24 (m, 1 H, CH of fc), 4.28 (m, 1 H, CH of fc), 4.38 (m, 1 H, CH of fc), 4.47 (m, 1 H, CH 
of fc), 4.74 (m, 1 H, CH of fc), 5.35 (m, 1 H, CH of fc), 5.69 (m, 1 H, CH of fc), 7.27-7.43 (m, 5 H, CH 
of PPh2), 7.43-7.52 (m, 2 H, CH of PPh2), 7.55-7.63 (m, 1 H, CH of PPh2), 7.88-7.97 (m, 2 H, CH of 
PPh2). Signals due to guanidine NH were not observed. 13C{1H} NMR (CD2Cl2): δ 25.27 (broad s, 
Cy), 25.63 (s, Cy), 34.32 (broad s, Cy), 65.78 (s, CH of fc), 68.82 (s, CH of fc), 68.91 (s, CH of fc), 
69.56 (s, CH of fc), 71.65 (d, JCP = 6 Hz, CH of fc), 71.84 (d, JCP = 60 Hz, Cipso–P of fc), 74.55 (d, JCP = 
10 Hz, CH of fc), 76.07 (d, JCP = 4 Hz, CH of fc), 78.57 (d, JCP = 20 Hz, CH of fc), 111.68 (d, JCP = 2 Hz, 
Cipso–N of fc), 127.91 (d, JCP = 11 Hz, CH of PPh2), 128.90 (d, JCP = 11 Hz, CH of PPh2), 129.72 (d, 
1JCP = 51 Hz, Cipso of PPh2), 130.45 (d, JCP = 3 Hz, CH of PPh2), 131.89 (d, JCP = 2 Hz, CH of PPh2), 
132.91 (d, JCP = 10 Hz, CH of PPh2), 133.03 (d, 1JCP = 56 Hz, Cipso of PPh2), 134.50 (d, JCP = 10 Hz, CH 
of PPh2), 160.64 (s, Cipso of guanidine). 31P{1H} NMR (CD2Cl2): δ 25.7 (s). ESI+ MS: 728 ([M – Cl – 
HCl + MeOH]+). FTIR (DRIFTS): νmax 3402 w, 3277 m, 3120 w, 3059 w, 3002 w, 2931 s, 2852 m, 
1574 s, 1568 sh, 1482 m, 1449 s, 1436 s, 1405 w, 1389 w, 1355 m, 1331 w, 1304 m, 1275 w, 
1259 w, 1236 m, 1208 w, 1195 w, 1169 m, 1149 w, 1102 m, 1090 w, 1051 w, 1028 m, 1000 w, 
979 w, 944 w, 889 w, 873 w, 857 w, 842 w, 818 m, 748 s, 709 m, 691 s, 669 w, 648 m, 632 m, 
564 w, 535 m, 520 s, 500 m, 477 s, 441 w, 429 w cm–1. Anal. Calc. for C35H42Cl2FeN3PPd·CHCl3 
(888.3): C 48.68, H 4.88, N 4.73%. Found: C 48.77, H 4.81, N 4.60%. Analytical sample was 
obtained from chloroform. Similarly to the previous case, samples isolated from chlorinated 
solvents typically contain trace amounts of other species (ca. 3%), most likely [PdCl3(1bH-κP)].3 
 
 
Preparation of [PdCl{Ph2PfcN=C(NHiPr)2-κ3P,N,Fe}][SbF6] (4a). A mixture of 3a (138 mg, 0.2 
mmol) and silver(I) hexafluoroantimonate (69 mg, 0.2 mmol) in dry dichloromethane (10 mL) 
was stirred at room temperature for 2 hours with a protection from direct day light. The 
resulting dark red suspension was filtered through a PTFE syringe filter (pore size 0.45 μm). The 
filtrate was concentrated to ca. 3 mL and layered with methyl tert-butyl ether. Crystallisation 
over several days afforded dark red crystals (also used for structure determination), which were 
isolated by suction, washed with diethyl ether and dried under vacuum. Yield of 4a: 125 mg 
(70%), dark red crystals. 
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 1H NMR (CD2Cl2): δ 1.28 (d, 3JHH = 6.4 Hz, 12 H, CHMe2), 3.31 (vt, J′ = 2.1 Hz, 2 H, CH of fc), 
3.35 (m, 2 H, CH of fc), 3.65 (d of sept, 3JHH = 8.4 Hz, 3JHH = 6.4 Hz, 2 H, CHMe2), 5.70 (vt, J′ = 2.2 Hz, 
2 H, CH of fc), 5.78 (m, 2 H, CH of fc), 6.59 (very broad s, 2 H, NH), 7.50-7.55 (m, 4 H, CH of PPh2), 
7.59-7.66 (m, 2 H, CH of PPh2), 8.13-8.21 (m, 4 H, CH of PPh2). 13C{1H} NMR (CD2Cl2): δ 22.91 (s, 
CHMe2), 46.38 (s, CHMe2), 61.15 (d, 1JCP = 50 Hz, Cipso–P of fc), 66.26 (s, CH of fc), 73.92 (d, JCP = 11 
Hz, CH of fc), 80.82 (s, CH of fc), 86.79 (d, JCP = 8 Hz, CH of fc), 98.05 (d, JCP = 4 Hz, Cipso–N of fc), 
124.48 (d, 1JCP = 60 Hz, Cipso of PPh2), 129.77 (d, JCP = 12 Hz, CH of PPh2), 133.34 (d, JCP = 3 Hz, CH 
of PPh2), 135.59 (d, JCP = 13 Hz, CH of PPh2), 158.71 (s, Cipso of guanidine). 31P{1H} NMR (CD2Cl2): 
δ –5.1 (s). ESI+ MS: m/z 616 ([M – SbF6 – HCl]+), 654 ([M – SbF6]+). FTIR (DRIFTS): νmax 3303 m, 
3251 m, 3129 w, 2980 w, 2966 w, 1593 s, 1565 s, 1485 s, 1465 m, 1439 m, 1404 m, 1390 m, 
1371 w, 1344 w, 1317 w, 1286 w, 1186 w, 1170 w, 1152 w, 1129 w, 1108 m, 1093 w, 1045 w, 
843 m, 756 m, 743 w, 720 w, 703 m, 688 w, 661 s, 656 sh, 644 m, 627 w, 535 m, 517 m, 493 w, 
481 w, 462 w cm−1. Anal. Calc. for C29H34ClF6FeN3PPdSb (889.1): C 39.18, H 3.85, N 4.73%. 
Found: C 39.13, H 3.76, N 4.62%. 
 
Preparation of [PdCl{Ph2PfcN=C(NHiPr)2-κ3P,N,Fe}][BF4] (4a′). Method A. A mixture of 3a 
(138 mg, 0.2 mmol) and silver(I) tetrafluoroborate (39 mg, 0.2 mmol) in dry dichloromethane 
(10 mL) was stirred at room temperature for 2 hours. The resulting dark red suspension was 
filtered through a PTFE syringe filter (pore size 0.45 μm). The filtrate was concentrated to the 
volume of ca. 3 mL and layered with methyl tert-butyl ether. Crystallisation over several days 
afforded dark red crystals, which were isolated, washed with diethyl ether and dried under 
vacuum. Yield of 4a′: 108 mg (73%), dark red crystals. 
 
 
Method B. A mixture of 1a (102 mg, 0.2 mmol), tetrakis(acetonitrile)palladium(II) 
tetrafluoroborate (89 mg, 0.2 mmol) and tetrabutylammonium chloride (56 mg, 0.2 mmol) in 
dry dichloromethane (10 mL) was stirred at room temperature for 2 hours. The resulting dark 
red solution was filtered through a PTFE syringe filter (pore size 0.45 μm). The filtrate was 
concentrated to ca. 3 mL and layered with methyl tert-butyl ether. Crystallisation over several 
days afforded dark red crystals, which were isolated, washed with diethyl ether and dried under 
vacuum. Yield of 4a′: 97 mg (66%), dark red crystals. 
 1H NMR (CD2Cl2): δ 1.28 (d, 3JHH = 6.4 Hz, 12 H, CHMe2), 3.29 (vt, J′ = 2.1 Hz, 2 H, CH of fc), 
3.34 (m, 2 H, CH of fc), 3.68 (d of sept, 3JHH = 8.4 Hz, 3JHH = 6.4 Hz, 2 H, CHMe2), 5.78 (vt, J′ = 2.2 Hz, 
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2 H, CH of fc), 5.85 (m, 2 H, CH of fc), 6.73 (very broad s, 2 H, NH), 7.49-7.56 (m, 4 H, CH of PPh2), 
7.58-7.65 (m, 2 H, CH of PPh2), 8.13-8.22 (m, 4 H, CH of PPh2). 13C{1H} NMR (CD2Cl2): δ 20.94 (s, 
CHMe2), 44.40 (s, CHMe2), 59.37 (d, 1JCP = 50 Hz, Cipso–P of fc), 64.27 (s, CH of fc), 72.02 (d, JCP = 11 
Hz, CH of fc), 79.21 (s, CH of fc), 85.21 (d, JCP = 8 Hz, CH of fc), 96.49 (d, JCP = 4 Hz, Cipso–N of fc), 
122.80 (d, 1JCP = 60 Hz, Cipso of PPh2), 127.81 (d, JCP = 12 Hz, CH of PPh2), 131.34 (d, JCP = 3 Hz, CH 
of PPh2), 133.66 (d, JCP = 13 Hz, CH of PPh2), 156.90 (s, Cipso of guanidine). 31P{1H} NMR (CD2Cl2): 
δ –4.6 (s). ESI+ MS: m/z 616 ([M – BF4 – HCl]+), 652 ([M – BF4]+). FTIR (DRIFTS): 3297 m, 3256 
m, 3118 m, 3065 w, 2977 m, 2933 w, 2875 w, 1593 s, 1564 s, 1485 s, 1460 m, 1440 m, 1405 m, 
1390 m, 1371 m, 1345 m, 1316 m, 1283 m, 1188 w, 1167 m, 1152 m, 1129 m, 1104 s, 1066 s, 
1035 s, 999 m, 927 w, 913 w, 848 m, 780 w, 760 m, 743 m, 721 w, 704 m, 691 m, 655 w, 627 m, 
535 m, 519 m, 502 m, 490 m, 484 m, 462 m, 431 w cm–1. Anal. Calc. for C29H34BClF4FeN3PPd 
(740.1): C 47.06, H 4.63, N 5.68%. Found: C 46.92, H 4.47, N 5.39%. 
 
Preparation of [PdCl{Ph2PfcN=C(NHCy)2-κ3P,N,Fe}][SbF6] (4b). A mixture of 3b (154 mg, 0.2 
mmol) and silver(I) hexafluoroantimonate (69 mg, 0.2 mmol) in dry dichloromethane (10 mL) 
was stirred at room temperature for 2 hours. The resulting dark red suspension was filtered 
through a PTFE syringe filter (pore size 0.45 μm) and evaporated. Diffusion of pentane vapours 
into a fluorobenzene solution of the crude product resulted in the formation of dark crystalline 
solid, which was collected, washed with pentane and dried under vacuum. Yield of 4b: 138 mg 
(71%), dark brown-red microcrystalline solid. Thus obtained material tends to retain traces of 
fluorobenzene as indicated by NMR analysis (see the spectra below). Crystals used for structure 
determination were obtained by liquid-phase diffusion of hexane into a fluorobenzene solution. 
 1H NMR (CD2Cl2): δ 1.16-1.46 (m, 10 H, Cy), 1.56-1.68 (m, 2 H, Cy), 1.74-1.86 (m, 4 H, Cy), 
1.92-2.02 (m, 4 H, Cy), 3.20-3.30 (m, 2 H, Cy), 3.30 (vt, J′ = 2.1 Hz, 2 H, CH of fc), 3.35 (vq, J′ = 2.3 
Hz, 2 H, CH of fc), 5.71 (vt, J′ = 2.1 Hz, 2 H, CH of fc), 5.79 (vq, J′ = 1.9 Hz, 2 H, CH of fc), 7.49-7.56 
(m, 4 H, CH of PPh2), 7.59-7.65 (m, 2 H, CH of PPh2), 8.12-8.22 (m, 4 H, CH of PPh2). Signal(s) due 
guanidine NH were not observed due to broadening. 13C{1H} NMR (CD2Cl2): δ 25.09 (s, Cy), 25.48 
(s, Cy), 33.40 (s, Cy), 61.10 (d, JCP = 50 Hz, Cipso–P of fc), 66.40 (s, CH of fc), 73.93 (d, JCP = 11 Hz, 
CH of fc), 80.74 (s, CH of fc), 86.78 (d, JCP = 8 Hz, CH of fc), 97.79 (s, Cipso–N of fc), 124.47 (d, JCP = 
60 Hz, Cipso of PPh2), 129.77 (d, JCP = 12 Hz, CH of PPh2), 133.35 (d, JCP = 3 Hz, CH of PPh2), 135.59 
(d, JCP = 13 Hz, CH of PPh2), 158.37 (s, Cipso of guanidine). 31P{1H} NMR (CD2Cl2): δ –5.2 (s, PPh2). 
ESI+ MS: 728 ([M – SbF6 – HCl + MeOH]+). FTIR (DRIFTS): νmax 3380 w, 3245 w, 3120 w, 2933 s, 
2856 m, 1595 s, 1556 s, 1482 s, 1450 m, 1438 s, 1404 m, 1369 m, 1351 m, 1312 w, 1288 w, 1263 
w, 1243 w, 1189 w, 1151 w, 1103 m, 1042 w, 1029 w, 891 w, 845 m, 750 m, 716 w, 702 m, 693 
m, 660 s, 564 w, 534 m, 517 m, 484 m, 468 m cm–1. Anal. Calcd for C35H42ClF6FeN3PPdSb·CHCl3 
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(1088.5): C 39.72, H 3.98, N 3.86%. Found: C 39.99, H 3.92, N 3.89% (analytical sample free of 
fluorobenzene residua was obtained from chloroform). 
 
Preparation of [PdCl{Ph2PfcN=C(NHXyl)2-κ3P,N,Fe}][SbF6] (4c). A mixture of 1c (127 mg, 0.2 
mmol) and bis(acetonitrile)dichloropalladium(II) (52 mg, 0.2 mmol) in dry dichloromethane (5 
mL) was stirred at room temperature for 2 hours. The resulting dark red solution was 
transferred via cannula into a solution of silver(I) hexafluoroantimonate (69 mg, 0.2 mmol) in 
dry dichloromethane (5 mL). The resulting dark red suspension was stirred at room 
temperature for an additional 1 hour and then filtered through a PTFE syringe filter (pore size 
0.45 μm). The filtrate was concentrated to approximately 3 mL and layered with methyl tert-
butyl ether. Crystallisation over several days afforded dark red crystals (also used for structure 
determination), which were isolated, washed with diethyl ether and dried under vacuum. Yield 
of 4c: 142 mg (70%), dark red crystalline solid. 
 1H NMR (CD2Cl2): δ 2.18 (s, 6 H, CH3), 2.55 (s, 6 H, CH3), 2.99 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 
3.28 (vq, J′ = 2.3 Hz, 2 H, CH of fc), 5.13 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 5.68 (vq, J′ = 1.8 Hz, 2 H, CH 
of fc), 5.97 (s, 1 H, NH), 6.98 (d, JHH = 7.6 Hz, 2 H, CH of Xyl), 7.15 (t, JHH = 7.6 Hz, 1 H, CH of Xyl), 
7.26-7.33 (m, 3 H, CH of Xyl), 7.50-7.56 (m, 4 H, CH of PPh2), 7.59-7.65 (m, 2 H, CH of PPh2), 8.13-
8.21 (m, 4 H, CH of PPh2), 10.16 (s, 1 H, NH). 13C{1H} NMR (CD2Cl2): δ 18.68 (s, CH3), 19.00 (s, 
CH3), 60.65 (d, 1JCP = 50 Hz, Cipso–P of fc), 66.69 (s, CH of fc), 73.67 (d, JCP = 11 Hz, CH of fc), 79.90 
(s, CH of fc), 86.87 (d, JCP = 8 Hz, CH of fc), 94.33 (d, JCP = 4 Hz, Cipso–N of fc), 124.26 (d, 1JCP = 61 
Hz, Cipso of PPh2), 129.46 (s, CH of Xyl), 129.78 (s, CH of Xyl), 129.80 (d, JCP = 12 Hz, CH of PPh2), 
129.84 (s, 2× CH of Xyl), 132.36 (s, Cipso–N of Xyl), 132.57 (s, Cipso–N of Xyl), 133.39 (d, JCP = 3 Hz, 
CH of PPh2), 135.54 (d, JCP = 13 Hz, CH of PPh2), 137.34 (s, Cipso–CH3 of Xyl), 138.12 (s, Cipso–CH3 of 
Xyl), 155.01 (d, JCP = 4 Hz, Cipso of guanidine). 31P{1H} NMR (CD2Cl2): δ –5.6 (s). ESI+ MS: 776 ([M 
– SbF6]+). FTIR (DRIFTS): νmax 3336 m, 3219 w, 3119 w, 3068 w, 2977 w, 1604 s, 1584 s, 1534 s, 
1483 m, 1471 m, 1438 m, 1404 w, 1380 w, 1361 w, 1328 w, 1312 w, 1293 w, 1207 w, 1188 w, 
1168 w, 1106 m, 1071 w, 1035 w, 999 w, 847 m, 781 m, 749 m, 719 w, 704 m, 691 m, 660 s, 630 
w, 538 w, 528 m, 519 m, 505 w, 476 m, 464 m, 445 w cm−1. Anal. Calc. for C39H38ClF6FeN3PPdSb 






















Reaction of [PdCl{Ph2PfcN=C(NHiPr)2-κ3P,Fe,N}][SbF6] (4a) with tetrabutylammonium 
chloride. A mixture of 4a (44 mg, 0.05 mmol) and tetrabutylammonium chloride (14 mg, 0.05 
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mmol) in dry dichloromethane (2 mL) was stirred at room temperature for 1 hour after which 
time the volatiles were evaporated under vacuum. The red residue was triturated with acetone. 
Brick red precipitate was isolated and washed repeatedly with acetone and diethyl ether. The 
crude product was further crystallised by diffusion of diethyl ether into a dichloromethane 
solution. After several days, 28 mg (81%) of red crystals was isolated and identified as cis-
[PdCl2{Ph2PfcN=C(NHiPr)2-κ2P,N}] (3a) by NMR spectroscopy. 
 
 
Preparation of a phosphino selenide Ph2P(Se)fcN=C(NHiPr)2 (5a). Following a literature 
method,4 mixture of 1a (128 mg, 0.250 mmol) and potassium selenocyanate (40 mg, 0.275 
mmol) in dry methanol (5 mL) was stirred with exclusion of direct day light at room 
temperature overnight. Next day, the resulting orange solution was evaporated under reduced 
pressure. The orange waxy residue was redissolved in ethyl acetate and filtered through a short 
pad of Celite to remove inorganic salts. The clear orange filtrate was evaporated and the residue 
was recrystallized from hot heptane. Cooling the solution gradually to 4 °C resulted in a 
formation of orange crystals, which were isolated by suction, washed with pentane and dried 
under vacuum. Yield of 5a: 101 mg (68%), orange crystalline solid. 
1H NMR (CDCl3): δ 1.18 (d, 3JHH = 6 Hz, 12 H, CHMe2), 3.73 (broad s, 2 H, CHMe2), 3.99 (vt, 
J′ = 1.9 Hz, 2 H, CH of fc), 4.14 (vt, J′ = 1.9 Hz, 2 H, CH of fc), 4.44 (vq, J′ = 2.0 Hz, 2 H, CH of fc), 
4.53 (vq, J′ = 1.7 Hz, 2 H, CH of fc), 7.36-7.47 (m, 6 H, CH of P(Se)Ph2), 7.68-7.76 (m, 4 H, CH of 
P(Se)Ph2). Signals due to NH of guanidine were not observed. 13C{1H} NMR (CDCl3): δ 23.44 (s, 
CHMe2), 42.92 (s, CHMe2), 62.89 (s, CH of fc), 67.61 (s, CH of fc), 72.83 (d, 1JCP = 90 Hz, Cipso–P of 
fc), 73.22 (d, JCP = 12 Hz, CH of fc), 73.33 (d, JCP = 10 Hz, CH of fc), 108.29 (s, Cipso–N of fc), 128.11 
(d, JCP = 13 Hz, CH of P(Se)Ph2), 131.06 (d, JCP = 3 Hz, CH of P(Se)Ph2), 132.06 (d, JCP = 11 Hz, CH of 
P(Se)Ph2), 133.78 (d, 1JCP = 78 Hz, Cipso of P(Se)Ph2), 150.99 (s, Cipso of guanidine). 31P{1H} NMR 
(CDCl3): δ 32.4 (s with 77Se satellites, 1JPSe = 729 Hz, P(Se)Ph2). ESI+ MS: m/z 592 ([M + H]+). FTIR 
(DRIFTS): νmax 3386 m, 3328 m, 3087 w, 3072 w, 3046 w, 3031 w, 2974 m, 2951 m, 2931 w, 
2867 w, 1592 s, 1540 s, 1475 s, 1434 m, 1386 m, 1366 m, 1343 m, 1311 w, 1304 w, 1291 w, 
1257 m, 1206 w, 1175 m, 1165 s, 1099 m, 1082 w, 1074 w, 1056 w, 1034 m, 1018 m, 998 w, 943 
w, 893 w, 865 w, 832 m, 820 w, 812 w, 753 m, 745 m, 721 m, 711 m, 704 m, 696 m, 691 m, 653 
m, 624 m, 587 m, 572 s, 536 m, 486 s, 478 m, 446 m, 430 w cm−1. Anal. Calc. for C29H34FeN3PSe 






Full-sphere diffraction data (±h±k±l, θmax = 27.5°) were collected using a Nonius Kappa CCD 
diffractometer equipped with an Apex II image plate detector (1c) or a Bruker D8 VENTURE 
Kappa Duo diffractometer with a PHOTON10 detector (all other compounds), both equipped 
with a Cryostream Cooler (Oxford Cryosystems). Graphite monochromated Mo Kα radiation (λ = 
0.71073 Å) was used in all cases.  
The structures were solved by direct methods (SHELXT-20145) and then refined by full-
matrix least quares based on F2 (SHELXL-2014 or 20176). All non-hydrogen atoms were refined 
with anisotropic displacement parameters. The guanidine hydrogen atoms (NH) were located on 
difference density maps and subsequently refined as riding atoms with Uiso(H) set to 1.2Ueq(N). 
Hydrogens residing on the carbon atoms were included in their theoretical positions and were 
refined analogously. Particular details of structure refinement are as follows. The crystals of 4b 
were inversion twins (space group P21). The refined contributions from the two enantiomeric 
domains were 88:12. Finally, the solvent molecule in the structure of 4c·1/4CH2Cl2 was partly 
disordered around the crystallographic inversion centres and was modelled over two positions. 
Selected crystallographic data and refinement parameters are summarised in Table S1.  
All geometric calculations were performed and the structural diagrams were obtained 
using the recent version of PLATON program.7 Numerical values were rounded to one decimal 
place with respect to their estimated deviations (ESDs). Parameters pertaining to atoms in 




Table S1. Summary of relevant crystallographic data and refinement parameters 
Compound 1a 1c 3a 3b 
Formula C29H34FeN3P C39H38FeN3P C29H34Cl2FeN3PPd C35H42Cl2FeN3PPd 
M 511.41 635.54 688.71 768.83 
Crystal system monoclinic triclinic monoclinic triclinic 
Space group P21/c (no. 14) P–1 (no. 2) P21/n (no. 14) P–1 (no. 2) 
T/K 150(2) 120(2) 150(2) 120(2) 
a/Å 9.5758(4) 10.1594(5) 13.2176(5) 11.7326(6) 
b/Å 33.194(1) 12.8169(6) 13.0451(4) 11.9790(6) 
c/Å 8.9652(3) 14.602(1) 16.9643(7) 12.1754(6) 
α/° 90 115.562(2) 90 84.599(1) 
β/° 115.621(1) 96.014(2) 98.462(2) 75.101(1) 
γ/° 90 106.604(2) 90 81.174(2) 
V/Å3 2569.5(2) 1585.5(2) 2893.2(2) 1631.4(1) 
Z 4 2 4 2 
F(000) 1080 668 1400 788 
µ(Mo Kα)/mm–1 0.672 0.559 1.387 1.239 
Diffrns collected 34672 22259 66149 32420 
Indep diffrns 5903 7258 6626 7490 
Observeda diffrns 5135 6455 5709 7086 
Rintb/% 2.43 2.18 4.59 1.94 
No. of parameters 311 401 338 389 
Rb obsd diffrns/% 2.80 2.99 2.36 1.95 
R, wRb all data/% 3.53, 6.95 3.51, 7.43 3.22, 5.55 2.13, 4.77 
∆ρ/e Å–3 0.28, –0.36 0.46, –0.26 0.86, –0.62 0.46, –0.58 
a Diffractions with I > 2σ(I). b Definitions: Rint = ΣFo2 − Fo2(mean)/ΣFo2, where Fo2(mean) is the 
average intensity of symmetry-equivalent diffractions. R = ΣFo − Fc/ΣFo, 




Table S1 continued 
Compound 4a 4b 4c·1/4CH2Cl2 
Formula C29H34ClF6FeN3PPdSb C35H42ClF6FeN3PPdSb C39.25H38.50Cl1.50F6FeN3PPdSb 
M 889.01 969.13 1034.37 
Crystal system monoclinic monoclinic triclinic 
Space group P21/c (no. 14) P21 (no.4) P–1 (no. 2) 
T/K 150(2) 120(2) 120(2) 
a/Å 16.6294(3) 10.5019(6) 10.8536(5) 
b/Å 10.3070(2) 10.3649(6) 11.6697(5) 
c/Å 20.8488(4) 17.1490(9) 17.6614(8) 
α/° 90 90 97.120(1) 
β/° 105.720(1) 103.169(2) 106.206(1) 
γ/° 90 90 108.550(1) 
V/Å3 3439.8(1) 1817.6(2) 1980.1(2) 
Z 4 2 2 
F(000) 1752 964 1025 
µ(Mo Kα)/mm–1 1.893 1.800 1.691 
Diffrns collected 31019 31988 40664 
Indep diffrns 7899 8246 9024 
Observeda diffrns 7428 8207 8646 
Rintb/% 1.57 1.45 2.42 
No. of parameters 392 443 503 
Rb obsd diffrns/% 2.22 1.24 2.37 
R, wRb all data/% 2.44, 5.49 1.26, 3.17 2.49, 6.06 





The structures of 1a and 1c (Figures S1 and S2, data in Table S2) comprise regular ferrocene 
moiety, showing similar Fe-C distances and tilt angles of approximately 65.5° (1a) and 1.4° (1c). 
Conformation of the 1,1’-disubstituted ferrocene units differ in both compounds. While the 
cyclopentadienyl rings in the isopropyl-substituted guanidine 1a adopt an approximately 1,2’ 
conformation8 (τ ≈ 84°; ideal value: 72°), those of 1c bearing the sterically more demanding 2,6-
xylyl substituents at the guanidine nitrogens assume a more opened conformation with τ ≈ 129°. 
The geometry of the phosphine substituent is unexceptional and compares well with that in 
(diphenylphosphino)ferrocene.9 The guanidine fragments bonding to the other cyclopentadienyl 
ring are planar (within approximately 0.01 Å) and show pronounced variation in the individual 
C-N bonds according to their type (amine vs. imine). The dihedral angles between the least-
squares guanidine planes {C23, N1, N2, N3} and the cyclopentadienyl rings C(6-10) are 




Figure S1. View of the molecular structure of 1a showing the displacements ellipsoids at the 





Figure S2. View of the molecular structure of 1c with 30% probability displacements ellipsoids. 
 
Table S2. Selected distances and angles for 1a and 1c (in Å and deg) 
Parametera 1a 1c 
Fe-Cg1/Fe-Cg2 1.6421(8)/1.6581(8) 1.6510(7)/1.6649(7) 
∠Cp1,Cp2 5.52(8) 1.39(9) 
Τ 84.2(1) 129.4(1) 
P-C1 1.809(2) 1.817(2) 
P-C11/P-C17 1.837(2)/1.843(2) 1.838(2)/1.838(2) 
C6-N1 1.395(2) 1.405(2) 
C23-N1 1.308(2) 1.376(2) 
C23-N2 1.371(2) 1.282(2) 
C23-N3 1.366(2) 1.376(2) 
N1-C23-N2/N3 126.0(1)/117.6(1) 120.6(2)/114.5(1) 
N2-C23-N3 116.3(1) 124.9(2) 
N2-C24/N3-Cnb 1.472(2)/ 1.462(2) 1.413(2)/1.436(2) 
a Cp1 and Cp2 are the cyclopentadienyl rings C(1-5) and C(6-10), respectively; Cg1/Cg2 denote 
their corresponding centroids. τ torsion angle C1-Cg1-Cg2-C6. b n = 27 for 1a, n = 32 for 1c. 
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The crystal structures of dichloride complexes 3a and 3b (Figure S3 and Table S3) share many 
common features. The presence of different ligating fragments causes a distortion of the 
coordination environment around Pd from a regular square in both cases. There have been 
reported no crystal structure for a similar compound in the Cambridge Structural Database (viz., 
a PdCl2 complex featuring a P,N-chelating ferrocene ligand whose donor atoms are directly 
attached to the ferrocene scaffold)10 and, hence, the structural parameters can only be compared 
to [LPdCl2] complexes featuring analogous symmetrical bidentate ligands. Thus, the Pd-N bond 
lengths, which are the shortest among Pd-donor distances, are only slightly shorter than those in 
a complex featuring 1,1’-bis([4,5-dimethyl-1,3-diisopropyl-1,3-dihydro-2H-imidazol-2-ylidene]-
amino)ferrocene as ligand L (2.088(2) Å),11 while the Pd-P distances in 3a and 3b are similar to 
those determined for [PdCl2(dppf)] (2.283(1) and 2.301(1) Å for 1/1 chloroform solvate at room 
temperature; dppf =1,1’-bis(diphenylphosphino)ferrocene).12 The asymmetry of the chelating 
ligand reflects further to the PdCl2 fragment, wherein the chemically non-equivalent Pd-Cl bonds 
are affected by trans-influence (Pd-Cl2 > Pd-Cl1).13 Notably, however, the coordination spheres 
of the Pd atoms exert only marginal angular distortions. The smallest interligand angle in both 
structures is the N1-Pd-Cl1 angle (≈86°), while the angle associated with the P,N-chelating ligand 
departs from the ideal value (90°) only insignificantly. This indeed corresponds with the τ4 
index14 of 0.06 and 0.09 for 3a and 3b, respectively, which are very close to the value expected 
for ideally planar arrangement (τ4 = 0).  
 
Figure S3. Views of the molecular structure of 3a (left) and 3b (right) showing displacement 
ellipsoids scaled to the 30% probability level.  
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 The ferrocene cyclopentadienyls in 3a and 3b are tilted by approximately 5° and assume 
eclipsed conformations (1,1’) that corresponds with chelate coordination of the phosphino-
guanidine ligands. The P-C bonds in 3a are slightly yet statistically significantly shorter than in 
the free ligand 1a, presumably as the result of electron density shift from the aromatic rings 
towards phosphorus caused by donation of the phosphorus lone pair (P → Pd). In addition, the 
coordination results in an elongation of the N1-C6 and C23-N1 bonds and shortening of the 
remaining C23-N2 and C23-N3 bonds more distant from the coordination site. The guanidine 
planes {C23, N1, N2, N2 } are twisted with respect to their bonding cyclopentadienyl rings (cf. 
the dihedral angles 68.0(1)° and 71.24(9)° for 3a and 3b, respectively). 
 
Table S3. Selected distances and angles for 3a and 3b (in Å and deg) 
Parametera 3a 3b 
Pd-P 2.2711(6) 2.2776(4) 
Pd-N1 2.043(2) 2.061(1) 
Pd-Cl1 2.3688(6) 2.3828(4) 
Pd-Cl2 2.2863(6) 2.2906(5) 
P-Pd-N1 91.43(5) 90.85(4) 
Cl1-Pd-Cl2 89.96(2) 89.88(2) 
P-Pd-Cl2 91.89(2) 92.96(2) 
N1-Pd-Cl1 86.59(5) 86.36(4) 
Fe-Cg1/Fe-Cg2 1.644(1)/ 1.647(1) 1.6417(7)/1.6433(7) 
∠Cp1,Cp2 4.9(1) 5.03(9) 
τ –1.4(1) –5.7(1) 
P-C1 1.792(2) 1.800(2) 
P-C11/P-C17 1.817(2)/1.829(2) 1.817(2)/1.829(2) 
C6-N1 1.414(3) 1.422(2) 
C23-N1 1.337(3) 1.343(2) 
C23-N2 1.344(3) 1.338(2) 
C23-N3 1.340(3) 1.348(2) 
N1-C23-N2/N3 116.6(2)/124.0(2) 122.0(1)/120.2(1) 
N2-C23-N3 119.4(2) 117.9(1) 
N2-C24/N3-Cnb 1.467(3)/1.473(3) 1.468(2)/1.469(2) 
a The parameters are defined as for free ligands (see footnotes to Table S2). b n = 27 for 3a, n = 




When compared with their parent compounds 3, the cationic complexes 4 (Figure S4 and Table 
S4) generally exhibit shorter Pd-P bonds, practically identical Pd-N distances and Pd-Cl bond 
lengths similar to the Pd-Cl1 bonds in 3, which are elongated due to trans influence of the 
phosphine donors. The coordination spheres of Pd in 4a-c show considerable angular 
distortions: the palladium atom is displaced from the midpoint of the formal coordination plane 
defined by the Fe, P, N and Cl atoms towards the terminal chloride. This can be illustrated by the 
P-Pd-N1 angles 163.01(6)° in 4a, 162.46(5)° in 4b, and 163.15(5)° in 4c, and also by the cis 
interligand angles, which increase from P/N1-Pd-Fe (≈80-82°) through P-Pd-Cl (≈95°) to N1-Pd-
Cl (≈102°). In contrast, the Fe-Pd-Cl diagonal is practically linear (174.85(2)° for 4a, 175.52(5) 
for 4b, and 176.81(2)° for 4c) and the distance between palladium atom and the ferrocene iron 
(2.76-2.80 Å) is in all cases slightly longer than the sum of the respective covalent radii (1.39 Å 
for Pd and 1.32 Å for low-spin Fe).15 
 
 
Figure S4. Views of the structures of 4a, 4b and 4c·1/4CH2Cl2 (N.B. the solvent molecule in the 




Because of the palladium ion penetrating towards the iron atom, the ferrocene 
cyclopentadienyls are tilted by approximately 25° in 4a and by 23° in the other two complexes, 
while they assume an eclipsed conformation (τ < 6°), fixed by P,N-chelate coordination. The 
opening of the ferrocene core results in an elongation of the Fe-C bonds, mainly at the open side 
bearing the P and N1 donor atoms (i.e., of the Fe-C1 and Fe-C6 bonds). An inspection of the 
structural data for free ligand 1a and both its complexes (3a and 4a) revealed that the P-C bond 
of the coordinated phosphine moiety in 4a are shorter than in the free ligands and even in the 
dichloride complexes (1a > 3a > 4a). While decreasing the differentiation (= increasing the 
conjugation) of the guanidine C-N bonds, the coordination results in elongation of the C6-N1 
bond. Still, however, this bond remains the shortest among the N-C(terminal) bonds (ca. 1.38 Å 
vs. the N-C(iPr/Cy) and N-Xyl bonds of 1.48 and 1.44 Å, respectively). This in turn brings the C6 
atom into the proximity of the Pd atom (Pd-C6 = 2.471(2) Å for 4a, 2.542(2) Å for 4b, and 
2.541(2) Å for 4c; N.B. the distance between Pd and C1 of ca. 2.9 Å is substantially longer due to 
the longer P-C bond) and allows for additional interactions as suggested by DFT computations 
(see the main text). The guanidine planes {C23,N1,N2,N3} in 4a-c are twisted with respect to 
their bonding cyclopentadienyl rings C(6-10), the interplanar angles being 61.2(1)° in 4a, 




Table S4. Selected distances and angles for 4a, 4b and 4c·1/4CH2Cl2 (in Å and deg) 
Parametera 4a 4b 4c·1/4CH2Cl2 
Pd-Fe 2.7590(5) 2.7956(5) 2.7821(5) 
Pd-P 2.1947(7) 2.1822(6) 2.1850(6) 
Pd-N1 2.084(2) 2.051(2) 2.065(2) 
Pd-Cl 2.3755(6) 2.3352(6) 2.3514(6) 
P-Pd-Cl 95.24(2) 95.09(2) 94.99(2) 
P-Pd-Fe 80.25(2) 82.25(2) 82.63(2) 
N1-Pd-Cl 101.62(6) 102.33(5) 101.86(5) 
N1-Pd-Fe 82.99(5) 80.23(5) 80.53(5) 
Fe-Cg1/Fe-Cg2 1.698(1)/1.709(1) 1.700(1)/1.695(1) 1.696(1)/1.692(1) 
∠Cp1,Cp2 24.6(1) 22.8(1) 23.0(1) 
τ –5.9(2) 3.7(2) –4.5(2) 
P-C1 1.775(2) 1.773(2) 1.771(2) 
P-C11/P-C17 1.803(2)/1.807(2) 1.804(2)/1.802(2) 1.803(2)/1.802(2) 
C6-N1 1.379(3) 1.388(3) 1.384(3) 
C23-N1 1.342(3) 1.323(3) 1.329(3) 
C23-N2 1.337(3) 1.344(3) 1.339(3) 
C23-N3 1.337(3) 1.365(3) 1.352(3) 
N1-C23-N2/N3 117.9(2)/123.1(2) 118.7(2)/122.4(2) 117.9(2)/123.1(2) 
N2-C23-N3 119.0(2) 118.9(2) 118.9(2) 
N2-C24/N3-Cnb 1.490(4)/1.477(4) 1.479(3)/1.478(3) 1.435(3)/1.440(3) 
a The parameters are defined as for free ligands (see footnotes to Table S2). b n = 27 for 4a, n = 






Cyclic voltammograms were recorded with a multipurpose potentiostat µAUTOLAB III (Eco 
Chemie, Netherlands) at room temperature using a standard three-electrode cell with glassy 
carbon disc electrode (2 mm diameter) as the working electrode, platinum sheet auxiliary 
electrode, and Ag/AgCl (KCl) reference electrode. The compounds were dissolved in anhydrous 
dichloromethane to give a solution containing 1 mM of the analysed compound and 0.1 M 
Bu4N[PF6] (Fluka, purissimum for electrochemistry) as the supporting electrolyte. The solutions 
were deaerated with argon before the measurement and then kept under an argon blanket. 
Decamethylferrocene (Alfa-Aesar) was added as an internal standard for the final scans, and the 
redox potentials were converted into the ferrocene/ferrocenium scale by subtracting 0.548 V.16  
 Representative cyclic voltammograms are shown in Figure S5. Compound 1a displays a 
reversible oxidation at E°’ = −0.29 V (determined as a mean of the cathodic and anodic peak 
potentials), which is followed by additional irreversible redox transitions at higher potentials.17 
The fact that 1a is oxidized more easily than ferrocene itself can be explained by a strong 
electron donating ability of the guanidine moiety, which prevails over the weakly electron-
withdrawing influence of the phosphine moiety (N.B. (diphenylphosphino)ferrocene is oxidised 
at approximately 65 mV vs. the ferrocene/ferrocenium reference;17 this indeed corresponds with 
the value of the Hammett’s σp constant for the PPh2 moiety of 0.1918).  
 
 
Figure S5. Cyclic voltammograms of 1a, 3a and 4a’ (first scan in full line, second scan in dashed 
line) as recorded at 0.1 V s−1 scan rate on glassy carbon electrode on 1 mM solutions containing 
0.1 M Bu4NPF6 as the base electrolyte.  
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 Complex 3a exhibits an essentially irreversible wave at 0.22 V, which is approximately 
shifted by ≈0.5 V with respect to the oxidation of the free ligand. This shift can be attributed to a 
lower electron density at the ferrocene core resulting from a diminished electron-donating 
ability of the coordinated guanidine moiety. A further anodic shift is noted for complex 4a’ 
showing an irreversible oxidation wave at 0.86 V. In this case, the first oxidation results in the 
formation of another redox-active species, giving rise to a pair of waves at approximately 0.31 
and 0.42 V during the second scan (Figure S5). Overall, the shift of the redox waves due to 3a 
and 4a’ suggests a decrease of the electron density at the ferrocene moiety by coordination and, 







The Mössbauer spectra (Figure S6) were recorded at room temperature in transmission mode 
(sample concentration: 30 mg cm−2) using 57Co deposited in a Rh matrix as the γ-ray source, 
moving with constant acceleration over the velocity range from −10 to 10 mm s−1, and NaI:Tl 
scintillation detector. The spectrometer (Wissel, Germany) was calibrated by using α-Fe foil, 
which was also utilised as the reference for isomer shift (IS) determination. The spectra were 
fitted using the NORMOS program employing Lorentizan peak profile and least squares 
optimisation. The determined parameters are summarised in Table S5. 
 
 
Figure S6. Mössbauer spectra of 1a, 3a and 4a’ 
 
        Table S5. Summary of Mössbauer parameters 
Compound Signal IS (mm s−1) QS (mm s−1) FWHM (mm s−1) 
1a doublet 0.45 2.28 0.24 
3a doublet 0.42 2.30 0.24 






VARIABLE TEMPERATURE 1H NMR SPECTRA OF 1c 
 
The variable-temperature (VT) NMR spectra of phosphinoferrocene guanidine 1c illustrating the 
structural dynamics of this compound, namely the tautomer equilibria, are shown in Figure S7. 
 
 










COPIES OF THE NMR SPECTRA 
 
Figure S8. 1H NMR (CDCl3, 400 MHz, 25 °C) spectrum of 1a.  
 










Figure S11. 1H NMR (CDCl3, 400 MHz, 25 °C) spectrum of 1b.  
 









Figure S14. 1H NMR (CDCl3, 400 MHz, 25 °C) spectrum of 1c.  
 




Figure S16. 1H NMR (toluene-d8, 400 MHz, −25 °C) spectrum of 1c.  
 





Figure S18. 1H NMR (CD2Cl2, 400 MHz, 25 °C) spectrum of 3a.  
 










Figure S21. 1H NMR (CD2Cl2, 400 MHz, 25 °C) spectrum of 3b. The signal at δH 2.12 is due to 
residual acetone. 
 








Figure 24. 1H NMR (CD2Cl2, 400 MHz, 25 °C) spectrum of 4a.  
 









Figure S27. 1H NMR (CD2Cl2, 400 MHz, 25 °C) spectrum of 4a’.  
 









Figure S30. 1H NMR (CD2Cl2, 400 MHz, 25 °C) spectrum of 4b. The signals at δH 7.02-7.40 are due 
to residual fluorobenzene used for crystallisation. 
 








Figure S33. 1H NMR (CD2Cl2, 400 MHz, 25 °C) spectrum of 4c.  
 












Computational studies of 3a and 4a* were carried out using Gaussian 16, Revision A.03.19 
Geometry optimizations employed the M11 functional,20 the LANL2DZ ECP21 for the Pd atoms 
and the 6-31+G(d,p) basis set22 for all other atoms. Dichloromethane as solvent was accounted 
for during computations by adopting the Polarizable Continuum Model (PCM).23 Geometry 
optimizations used estimated Hessians at the beginning of the optimization steps. Electronic 
excitations were computed by time-dependant DFT using the PBE1PBE functional24 , the 
Stuttgart–Dresden pseudopotentials25 for the Pd atoms and the 6-311++G(3d,p) basis set for all 
other atoms. Topology analyses were done using Multiwfn26 and NBO analyses used the NBO 




Compound 3a 4a* 
LUMO 
 
E = −0.01873 a.u. 
 
E = −0.05026 a.u. 
HOMO 
 
E = −0.32262 a.u. 
 
E = −0.34353 a.u. 
 




Frontier orbital contributions of 3a and 4a* (Note: only contributions exceeding 1% are listed. 
The atoms are labelled in accordance with the xyz files deposited in the ESI). 
 
3a − HOMO (orb. 161): N6(p)=28.52%; C14(p)=11.20%; Fe2(d)=7.77%; N7(p)=6.69%; 
C17(p)=5.93%; C15(p)=5.61%; N8(p)=5.52%; C16(p)=5.14%; Pd1(d)=3.98%; C9(p)=2.63%; 
Cl4(p)=2.00%; C18(p)=1.61%; C31(p)=1.54%; Cl3(p)=1.36%; C11(p)=1.33%. 
3a − LUMO (orb. 162): Pd1(d)=37.04%; P5(p)=10.46%; Cl4(p)=8.28%; Cl3(p)=6.81%; 
N6(p)=5.05%; C28(p)=4.15%; P5(s)=3.37%; C26(p)=3.16%; C25(p)=2.72%; C30(p)=2.19%; 
C19(p)=1.63%; N6(s)=1.62%; C20(p)=1.25%; P5(d)=1.15%; Fe2(d)=1.12%; C22(p)=1.07%. 
4a* − HOMO (orb. 152): N5(p)=25.75%; Fe2(d)=10.22%; C13(p)=7.53%; P4(p)=6.90%; 
Cl3(p)=5.63%; N6(p)=5.59%; C14(p)=4.40%; N7(p)=3.84%; C16(p)=3.57%; Pd1(p)=3.16%; 
C15(p)=2.99%; Pd1(d)=2.47%; C18(p)=1.27%; P4(s)=1.20%; Pd1(s)=1.10%; C8(p)=1.10%; 
C17(p)=1.02% 
4a* − LUMO (orb. 153): Pd1(d)=35.90%; P4(p)=10.24%; Cl3(p)=10.13%; Fe2(d)=8.13%; 
N5(p)=5.26%; P4(s)=4.36%; Pd1(s)=3.76%; C14(p)=1.81%; C17(p)=1.71%; C13(p)=1.53%; 







Parameters of the bonds within the coordination spheres of 3a and 4a* discussed in the main 
text are summarised in Table S6. 
 
Table S6. MBO’s around the Pd atom and electron density Laplacian (∇2ρ(r)) values at the BCP’s 
located on the bond paths connecting the Atomic Critical Points corresponding to these bonds 
Compound 3a 4a*  
Parameter MBO ∇2ρ(r) MBO ∇2ρ(r) 
Pd–Fe 0.206 no BCP 0.007 0.057 
Pd–N 0.517 0.406 0.430 0.364 










         
 
 
Figure S37. Laplacian contours (positive – full back lines, negative – dashed black lines), Bond 
Paths (brown lines), Atomic Critical Points (yellow circles) and Bond Critical Points (blue 
circles) in the plane defined by the Pd, Cl and Cl2 atoms for 3a (left) and in the plane intersecting 





The UV-Vis spectrum of 4a’ recorded in dichloromethane is displayed in Fig. S38. This spectrum 
incorporates several overlapping peaks and their exact maxima have been determined by 
deconvoluting the experimental spectrum into individual peaks of Gaussian shapes. These 
experimental maxima have been compared with the 24 lowest excitation energies computed by 
time-dependant DFT (Tables S7 and S8). 
Computational results suggested the presence of several forbidden transitions at lower 
energies (in the visible light region), which manifested themselves experimentally as a broad 
and elevated baseline slightly above 500 nm. However, attempts to include this broad peak in 
the deconvolution resulted in failures, as its inclusion triggered serious numerical instabilities 
and yielded predicted spectra in serious disagreement with the experimental one. Hence, the 
final deconvolution was done by omitting this experimental maximum. 
Among the computed excitations of 4a*, the first one with the lowest energy occurred at 
554.9 nm and was followed by five subsequent excitations, close in energy. All these excitations 
are allowed only slightly, as they become generated from the combination of transitions taking 
place between various d orbitals residing on both metals. Each of these d-d transitions include a 
mixture of over ten contributions that employ the combination of different source and different 
target d orbitals and their superposition is responsible for the broad shoulder appearing in the 
range 500–600 nm.  
The first allowed and easily discernible maximum appearing at 410.9 nm is a mixed d–d 
and charge–transfer transition (Fig. S39), which is obtained from electronic excitation to the 
LUMO. This excitation takes place simultaneously from the HOMO and from the two orbitals 
located beneath in an approximately equal ratio, whereby each of these orbitals incorporates a 




Figure S38. Experimental UV-Vis spectrum of 4a’ recorded in CH2Cl2 (black line) and its 
deconvolution into Gaussian bands (violet lines). The red line represents the sum of the 




Figure S39. Plot of electron density difference between the ground state and the 7th excited state 




Table S7. Experimental (EEXP), computed excitation energies (ETDDFT), experimental peak areas 
(AEXP), computed oscillator strengths (fTDDFT). The experimental values reported below are 
maxima obtained from the experimental spectrum deconvolution of 4a’ in CH2Cl2; computed 
values were obtained for 4a* in CH2Cl2. 
EEXP [nm] AEXP ETDDFT [nm] fTDDFT 
410.9 22.50 445.4; 415.9 0.0532; 0.0210 
367.7 2.96 397.4 0.0299 
333.5 14.78 349.2 0.2398 
241.7 (incomplete) not computed 
 
 












1 2.2342 554.93 0.0037 13 3.5398 350.26 0.0910 
2 2.2382 553.94 0.0001 14 3.5502 349.24 0.2398 
3 2.3612 525.09 0.0018 15 4.0856 303.47 0.0117 
4 2.4451 507.07 0.0016 16 4.2352 292.75 0.0044 
5 2.5972 477.38 0.0105 17 4.2631 290.83 0.0024 
6 2.6690 464.53 0.0009 18 4.2802 289.67 0.0086 
7 2.7838 445.38 0.0532 19 4.3429 285.49 0.0093 
8 2.9813 415.87 0.0210 20 4.3503 285.00 0.0102 
9 3.0283 409.42 0.0112 21 4.4423 279.10 0.0332 
10 3.1196 397.43 0.0299 22 4.4574 278.15 0.1405 
11 3.2104 386.20 0.0076 23 4.5436 272.88 0.0442 
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Synthetic procedures, characterisation data and selected crystallographic parameters for 





Materials and methods 
 
All synthetic procedures were performed under an atmosphere of an inert gas (argon or 
nitrogen) using standard Schlenk techniques and dried, deoxygenated solvents. Chloroform and 
acetonitrile (analytical grade) were dried over calcium hydride and distilled under an argon 
atmosphere. Dichloromethane and tetrahydrofuran (HPLC grade) were purified using a Pure 
Solv MD-5 (Inovative Technology, USA) solvent purification system. For other purposes, 
typically for crystallisations, analytical grade solvents (Lach-Ner, Czech Republic) were used 
without further purification. The commercially available starting materials were the products of 
Merck, Alfa-Aesar and TCI and were used as received. Compounds Ph2PfcN=C(NHiPr)2 (13a) and 
cis-[PdCl2{Ph2PfcN=C(NHiPr)2-κ2P,N}] (15a) were prepared as previously described.[1]  
 The NMR spectra were recorded at 25°C on a Varian INOVA 400 spectrometer operating 
at 399.95 MHz (1H), 100.58 MHz (13C) and 161.90 MHz (31P). Chemical shifts (δ in ppm) are 
given relative to tetramethylsilane as an internal reference (1H and 13C), and to 85% aqueous 
H3PO4 as an external reference (31P). FTIR spectra of samples diluted with KBr were recorded in 
diffuse reflectance mode (DRIFTS) over the range of 400-4000 cm–1 on a Nicolet 6700 FTIR 
spectrometer. ESI mass spectra were recorded with a Compact QTOF-MS spectrometer (Bruker 
Daltonics) from samples dissolved in HPLC-grade solvents (methanol, acetonitrile or acetone). 
Elemental analyses were determined with a Perkin–Elmer 2400 Series II CHNS/O analyser. The 
presence of residual solvent (if any) was confirmed by NMR analysis. 
 The following abbreviations are used in the text below: fc = ferrocene-1,1′-diyl, iPr = 
iso-propyl, BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate; vt and vq denote virtual 




Preparation of cis-[PtCl2{Ph2PfcN=C(NHiPr)2-κ2P,N}] (17) 
A mixture of 13a (256 mg, 0.5 mmol) and cis-dichlorobis(dimethylsulfoxide)platinum(II) 
(211 mg, 0.50 mmol) in dry chloroform (20 mL) was stirred at room temperature for 2 hours. 
The resulting orange solution was filtered through a PTFE syringe filter (pore size 0.45 μm) and 
the filtrate was layered with diethyl ether. After several days, tiny yellow crystals formed, which 
were isolated by suction. To remove residual clathrated solvents, the crystals were grinded and 




powder. The crystals suitable for X-ray structure determination were obtained by liquid-phase 
diffusion of diethyl ether into the chloroform solution of 17. 
 1H NMR (CD2Cl2): δ 0.90-1.50 (br m, 12 H, CHMe2), 3.40-4.00 (br m, 2 H, CHMe2), 3.96 (m, 
1 H, CH of fc), 4.22 (m, 1 H, CH of fc), 4.29 (m, 2 H, CH of fc), 4.34 (m, 1 H, CH of fc), 4.69 (m, 1 H, 
CH of fc), 5.12 (m, 1 H, CH of fc), 5.43 (m, 1 H, CH of fc), 6.33 (br s, 1 H NH), 7.28-7.48 (m, 7 H, 
PPh2), 7.52-7.58 (m, 1 H, PPh2), 7.82-7.90 (m, 2 H, PPh2). 13C{1H} NMR (CD2Cl2): δ 23.30 (br s, 
CHMe2), 24.22 (br s, CHMe2), 47.30 (br s, CHMe2), 65.98 (s, CH of fc), 68.22 (s, CH of fc), 68.49 (s, 
CH of fc), 69.08 (s, CH of fc), 71.27 (d, JCP = 70 Hz, Cipso–P of fc), 71.73 (d, JCP = 7 Hz, CH of fc), 
73.97 (d, JCP = 10 Hz, CH of fc), 75.20 (d, JCP = 6 Hz, CH of fc), 77.92 (d, JCP = 18 Hz, CH of fc), 
110.85 (d, JCP = 2 Hz, Cipso–N of fc), 127.76 (d, JCP = 11 Hz, PPh2), 128.73 (d, JCP = 11 Hz, PPh2), 
129.50 (d, JCP = 62 Hz, Cipso–P of PPh2), 130.40 (d, JCP = 3 Hz, PPh2), 131.20 (d, JCP = 66 Hz, Cipso–P 
of PPh2), 131.68 (d, JCP = 3 Hz, PPh2), 133.05 (d, JCP = 10 Hz, PPh2), 134.42 (d, JCP = 11 Hz, PPh2), 
159.76 (s, Cipso of guanidine). 31P{1H} NMR (CD2Cl2): δ 2.2 (s with 195Pt satellites, 1JPPt = 4125 Hz). 
ESI+ MS: m/z 742 ([M – Cl]+). IR (DRIFTS): νmax 3298 s, 3093 w, 3059 w, 3046 w, 2975 m, 2928 
w, 2867 w, 1582 s, 1559 s, 1482 w, 1463 m, 1435 s, 1404 w, 1387 m, 1365 w, 1323 m, 1309 m, 
1258 w, 1211 w, 1196 m, 1171 m, 1130 w, 1102 m, 1093 m, 1054 w, 1030 w, 1201 m 999 w, 936 
w, 868 w, 846 w, 832 w, 817 m, 801 w, 750 m, 709 w, 697 s, 636 w, 623 w, 547 m, 531 s, 516 m, 
508 m, 482 s, 452 w, 432 w. Anal. Calc. for C29H34Cl2FeN3PPt (777.4): C 44.80, H 4.41, N 5.41%. 
Found: C 45.06, H 4.38, N 5.51%. 
 
Preparation of [Pt(μ-Cl){Ph2PfcN=C(NHiPr)2-κ2P,N}]2(BArF)2 (18) 
A mixture of 17 (155 mg, 0.20 mmol) and sodium tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate (177 mg, 0.20 mmol) in dry chloroform (10 mL) was stirred at room temperature 
for 2 hours, during which time the suspension slowly turned from orange to orange-red. The 
separated sodium chloride was filtered off and the clear filtrate was evaporated. The orange-red 
waxy residue was dissolved in chloroform (approximately 5 mL) to form a saturated solution. 
Crystallisation at 8 °C for several days produced orange-red crystals (also used for structure 
determination), which were separated by suction. To remove residual solvents, the crystals were 
grinded and the obtained orange-red powder was dried under vacuum. Yield of 18: 273 mg 
(85%), orange-red powder. Note: Only one of the four possible stereoisomers was identified by 
X-ray structure elucidation. However, signals attributable to four distinct species were observed in 
the NMR spectra (see below). The two major and two minor isomers observed immediately after 
dissolving the crystalline material equilibrated over time to approximately 1:1:1:1 mixture, 
suggesting an equilibrium between the stereoisomers in solution. 
 1H NMR (CD2Cl2): δ 0.50-1.60 (br m, 48 H, CHMe2), 2.90-4.10 (br m, 8 H, CHMe2), 4.09 (m, 




CH of fc), 4.36 (m, 1 H, CH of fc), 4.39 (m, 2 H, CH of fc), 4.41 (m, 2 H, CH of fc), 4.45 (m, 2 H, CH of 
fc), 4.49 (m, 1 H, CH of fc), 4.53 (m, 2 H, CH of fc), 4.61 (m, 2 H, CH of fc), 4.69 (m, 1 H, CH of fc), 
4.86 (m, 2 H, CH of fc), 4.92 (m, 1 H, CH of fc), 4.99 (m, 3 H, CH of fc), 5.12 (m, 1 H, CH of fc), 5.27 
(m, 1 H, CH of fc), 5.44 (m, 1 H, CH of fc), 5.51 (m, 1 H, CH of fc), 5.57 (m, 1 H, CH of fc), 5.61 (m, 1 
H, CH of fc), 7.14-7.26 (m, 4 H, aromatic CH), 7.30-7.46 (m, 8 H, aromatic CH), 7.48-7.59 (m, 12 H, 
aromatic CH), 7.60-7.78 (m, 28 H, aromatic CH). Signals due to NH of guanidine were not 
observed. 31P{1H} NMR (CD2Cl2): δ 2.3, 3.0, 5.0, 5.4 (4× s with 195Pt satellites). The 1JPPt interaction 
constants were not resolved. ESI+ MS: m/z 705 ([Pt{Ph2PfcN=C(NHiPr)(NiPr)}]+), 741 
([PtCl{Ph2PfcN=C(NHiPr)2}]+). IR (DRIFTS): νmax 3402 w, 3339 w, 2976 w, 1609 m, 1586 s, 1511 
m, 1488 w, 1466 w, 1440 m, 1393 w, 1375 w, 1356 s, 1304 w, 1282 s, 1161 s, 1128 s, 1101 s, 
1053 w, 1043 w, 1030 w, 1001 w, 932 w, 897 m, 887 m, 840 m, 824 w, 774 m, 712 m, 701 w, 692 
m, 682 m, 672 m, 637 m, 578 w, 546 w, 527 w, 514 w, 508 m, 500 w, 450 w. Anal. Calc. for 
C122H92B2Cl2F48Fe2N6P2Pt2 (3210.4): C 45.64, H 2.89, N 2.62%. Found: C 45.27, H 2.93, N 2.80%.  
 
Preparation of [Ph2PfcNHC(NHiPr)2]Cl (19) 
To a solution of 13a (1.02 g, 2.0 mmol) in dry dichloromethane (15 mL), a solution of hydrogen 
chloride (1.6 mL, 1.25 M in methanol, 2.0 mmol) was added and the resulting orange solution 
was stirred at room temperature. After 10 minutes (Note: longer reaction times led to partial 
oxidation of the phosphine), the stirring was discontinued and the volatiles were evaporated. The 
crude product was further crystallized from ethyl acetate/hexane mixture. Yield of 19: 0.96 g 
(88%), orange microcrystalline powder. Crystals suitable for X-ray structure elucidation were 
obtained by liquid-phase diffusion of hexane into the ethyl acetate solution of 19.  
1H NMR (CDCl3): δ 1.24 (d, 3JHH = 6.4 Hz, 12 H, CHMe2), 3.89 (sept, 3JHH = 6.4 Hz, 2 H, 
CHMe2), 4.05 (vt, J′ = 1.9 Hz, 2 H, CH of fc), 4.18 (m, 4 H, CH of fc), 4.60 (vt, J′ = 1.7 Hz, 2 H, CH of 
fc), 7.30-7.40 (m, 10 H, PPh2). Signals due to NH of guanidinium were not observed. 13C{1H} NMR 
(CDCl3): δ 23.02 (s, CHMe2), 45.03 (s, CHMe2), 64.82 (broad s, CH of fc), 67.47 (s, CH of fc), 72.72 
(d, JCP = 3 Hz, CH of fc), 73.67 (d, JCP = 14 Hz, CH of fc), 76.25 (d, JCP = 4 Hz, Cipso–P of fc), 128.31 (d, 
JCP = 7 Hz, PPh2), 128.79 (s, PPh2), 133.43 (d, JCP = 20 Hz, PPh2), 138.01 (d, JCP = 9 Hz, Cipso of 
PPh2), 153.39 (s, Cipso of guanidinium). Signal due to Cipso–N of fc was not identified. 31P{1H} NMR 
(CDCl3): δ –18.2 (s, PPh2). ESI+ MS: m/z 512 ([M – Cl]+). IR (DRIFTS): νmax 3289 s, 3240 w, 3173 
m, 3119 m, 3095 m, 3056 s, 2979 s, 2874 m, 2800 s, 2737 m, 1636 s, 1605 s, 1569 m, 1529 w, 
1478 s, 1459 m, 1444 m, 1432 m, 1406 m, 1386 m, 1370 m, 1358 w, 1339 m, 1313 w, 1260 m, 
1215 w, 1201 w, 1158 m, 1127 m, 1091 m, 1068 w, 1057 w, 1043 w, 1027 m, 1020 w, 999 w, 
947 m, 928 w, 911 w, 890 w, 868 w, 828 m, 818 w, 811 w, 780 w, 742 s, 717 m, 696 s, 683 m, 
639 w, 630 w, 588 w, 566 w, 533 w, 519 w, 502 m, 487 s, 456 w, 437 w. Anal. Calc. for 





Preparation of [Ph2PfcNHC(NHiPr)2][SbF6]·CH2Cl2 (20·CH2Cl2) 
A suspension of 19 (274 mg, 0.50 mmol) and potassium hexafluoroantimonate(V) (165 mg, 
0.60 mmol) in dry dichloromethane (10 mL) was stirred at room temperature overnight. On the 
next day, the precipitated potassium chloride was filtered off and the clear orange filtrate was 
concentrated under reduced pressure to the approximate volume of 5 mL and layered with 
hexane. Crystallisation by liquid-phase diffusion over several days at 8 °C afforded orange 
prismatic crystals, which were isolated by suction, washed with pentane and dried under 
vacuum. Yield of 20·CH2Cl2: 263 mg (63%), orange crystalline solid. Crystals suitable for X-ray 
structure determination were obtained by the same procedure as the bulk material. 
1H NMR (CDCl3): δ 1.32 (d, 3JHH = 6.2 Hz, 12 H, CHMe2), 3.96 (d of sept, J ≈ 3JHH = 6.2 Hz, 2 
H, CHMe2), 4.16 (vq, J′ = 1.8 Hz, 2 H, CH of fc), 4.24 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.35 (vt, J′ = 2.0 
Hz, 2 H, CH of fc), 4.52 (vt, J′ = 1.8 Hz, 2 H, CH of fc), 5.30 (s, 2 H, CH2Cl2), 5.44 (s, 2 H, NH), 7.33-
7.41 (m, 10 H, PPh2), 7.71 (s, 1 H, NH). 13C{1H} NMR (CDCl3): δ 22.40 (s, CHMe2), 45.17 (d, J = 2 
Hz, CHMe2), 53.43 (s, CH2Cl2), 67.32 (s, CH of fc), 68.98 (s, CH of fc), 72.63 (d, JCP = 3 Hz, CH of fc), 
73.67 (d, JCP = 12 Hz, CH of fc), 76.22 (s, Cipso–P of fc), 87.68 (s, Cipso–N of fc), 128.73 (d, JCP = 8 Hz, 
PPh2), 129.54 (s, PPh2), 133.44 (d, JCP = 19 Hz, PPh2), 135.80 (d, JCP = 4 Hz, Cipso–P of PPh2), 152.95 
(Cipso of guanidinium). 31P{1H} NMR (CDCl3): δ –21.8 (s). ESI+ MS: m/z 512 ([M – SbF6]+). IR 
(DRIFTS): νmax 3389 m, 3225 m, 3109 w, 3055 w, 2981 m, 2941 w, 2882 w, 1634 s, 1614 s, 1471 
m, 1435 s, 1394 m, 1375 m, 1326 m, 1265 w, 1214 w, 1195 w, 1162 m, 1132 w, 1093 w, 1071 w, 
1052 w, 1029 m, 999 w, 946 w, 875 w, 842 w, 821 m, 748 s, 698 s, 662 s, 565 w, 518 w, 488 m, 
463 w. Anal. Calc. for C29H35F6FeN3PSb·CH2Cl2 (833.1): C 43.25, H 4.48, N 5.04%. Found: C 43.16, 
H 4.15, N 4.92%. 
 
Preparation of [PdCl3{Ph2PfcNHC(NHiPr)2-κP}] (21) 
To a solution of 15a (138 mg, 0.20 mmol) in dry dichloromethane (10 mL), a solution of 
hydrogen chloride (0.4 mL, 0.5 M in methanol, 0.2 mmol) was added, and the resulting red 
solution was stirred at room temperature for 30 minutes, after which time the volatiles were 
evaporated. The red residue was dissolved in chloroform (2 mL) and the dark red solution was 
kept at –18°C. After several days, the separated solid was isolated by suction, washed with 
pentane and dried under vacuum. Yield of 21·2.5CHCl3: 165 mg (81%), red microcrystalline 
powder. Note: The product originally formulated as a chloroform solvate slowly releases the 
clathrated solvent as indicated by the elemental analysis. Crystals suitable for structure 
determination were obtained by gradual cooling of the saturated chloroform solution. 
1H NMR (CD2Cl2/CD3OD): δ 1.27 (d, 3JHH = 6.1 Hz, 12 H, CHMe2), 4.03 (sept, 3JHH = 6.1 Hz, 2 




of fc), 6.13 (s, 1 H, NH), 7.36 (s, 2 H, CHCl3), 7.36-7.43 (m, 4 H, PPh2), 7.47-7.52 (m, 2 H, PPh2), 
7.53-7.60 (m, 4 H, PPh2). 13C{1H} NMR (CD2Cl2/CD3OD): δ 22.88 (s, CHMe2), 45.93 (s, CHMe2), 
68.15 (s, CH of fc), 68.92 (s, CH of fc), 73.02 (d, JCP = 7 Hz, CH of fc), 73.37 (d, JCP = 63 Hz, Cipso–P of 
fc), 77.87 (d, JCP = 9 Hz, CH of fc), 78.05 (s, CHCl3), 93.58 (s, Cipso–N of fc), 128.09 (d, JCP = 11 Hz, 
PPh2), 130.74 (d, JCP = 57 Hz, Cipso–P of PPh2), 131.30 (d, JCP = 3 Hz, PPh2), 134.34 (d, JCP = 10 Hz, 
PPh2), 154.23 (s, Cipso of guanidinium). 31P{1H} NMR (CD2Cl2/CD3OD): δ 23.9 (s). ESI+ MS: m/z 
652 ([M – Cl – HCl]+). IR (DRIFTS): νmax 3408 w, 3239 m, 3201 m, 3111 m, 3077 m, 2975 m, 2933 
w, 1633 s, 1601 s, 1508 w, 1482 m, 1470 m, 1454 m, 1436 s, 1391 m, 1373 m, 1320 m, 1260 w, 
1211 w, 1165 s, 1130 m, 1100 m, 1063 w, 1033 m, 998 w, 942 w, 910 w, 840 w, 825 w, 747 s, 
711 m, 694 s, 664 w, 625 m, 545 m, 525 s, 505 s, 476 s, 452 w, 428 w, 418 w. Anal. Calc. for 
C29H35Cl3FeN3PPd·1.5 CHCl3 (904.3): C 40.51, H 4.07, N 4.65%. Found: C 40.75, H 4.34, N 4.63%. 
 
Preparation of [PdCl(μ-Cl){Ph2PfcNHC(NHiPr)2-κP}]2[SbF6]2 (23) 
A mixture of 20·CH2Cl2 (75 mg, 0.10 mmol) and bis(acetonitrile)dichloropalladium(II) (26 mg, 
0.10 mmol) in dry dichloromethane (5 mL) was stirred at room temperature for 1 hour. Then, 
the purple-red solution was filtered through a PTFE syringe filter (pore size 0.45 μm), 
concentrated under reduced pressure to the volume of approximately 2 mL and layered with 
diethyl ether. Crystallization over several days afforded dark red crystals (also used for 
structure determination), which were isolated by suction, washed with diethyl ether and dried 
under vacuum. During the isolation, the crystals disintegrated to dark red powder presumably 
due to the loss of clathrated solvent. Yield of 23: 82 mg (89%), dark red powder. 
1H NMR (CD2Cl2/CD3OD): δ 1.24 (d, 3JHH = 6.3 Hz, 12 H, CHMe2), 3.89 (d of sept, J ≈ 3JHH = 
6.3 Hz, 2 H, CHMe2), 4.58 (vt, J′ = 1.8 Hz, 2 H, CH of fc), 4.65 (vq, J′ = 1.8 Hz, 2 H, CH of fc), 4.74 (vq, 
J′ = 1.7 Hz, 2 H, CH of fc), 4.96 (vt, J′ = 1.8 Hz, 2 H, CH of fc), 6.18 (s, 2 H, NH), 7.39-7.48 (m, 4 H, 
PPh2), 7.52-7.63 (m, 6 H, PPh2). 13C{1H} NMR (CD2Cl2/CD3OD): δ 22.63 (s, CHMe2), 45.59 (s, 
CHMe2), 68.72 (s, CH of fc), 69.42 (s, CH of fc), 71.70 (d, JCP = 67 Hz, Cipso–P of fc), 74.39 (d, JCP = 9 
Hz, CH of fc), 76.69 (d, JCP = 10 Hz, CH of fc), 92.95 (s, Cipso–N of fc), 128.76 (d, JCP = 12 Hz, PPh2), 
132.46 (s, PPh2), 134.12 (d, JCP = 10 Hz, PPh2), 153.40 (s, Cipso of guanidinium). The signal due to 
Cipso–P of Ph was not observed. 31P{1H} NMR (CD2Cl2/CD3OD): δ 31.2 (s). ESI+ MS: m/z 652 
([PdCl{Ph2PfcNC(NHiPr)2}]+). IR (DRIFTS): νmax 3357 m, 3260 m, 3115 w, 2982 m, 2939 w, 1634 
s, 1609 s, 1482 m, 1471 m, 1437 s, 1394 m, 1375 m, 1331 m, 1213 w, 1193 w, 1169 s, 1132 m, 
1103 m, 1063 w, 1032 m, 999 w, 945 w, 871 w, 848 w, 836 m, 751 m, 714 m, 692 s, 665 s, 640 s, 
623 w, 571 w, 548 m, 526 s, 503 s, 495 s, 482 s, 447 w. Anal. Calc. for C58H70Cl4F12Fe2N6P2Pd2Sb2 






Preparation of trans-[PdCl2{Ph2PfcNHC(NHiPr)2-κP}2][SbF6]2 (24) 
A mixture of 20·CH2Cl2 (75 mg, 0.10 mmol), bis(acetonitrile)dichloropalladium(II) (26 mg, 0.05 
mmol) and dry dichloromethane (2 mL) was stirred at room temperature for 2 hours, 
whereupon it deposited an orange-red solid. The precipitate was collected, washed with diethyl 
ether and dried under vacuum. Yield of 24: 77 mg (92%), orange-red powder. Crystals suitable 
for X-ray structure elucidation were obtained by liquid-phase diffusion of diethyl ether into a 
methanolic solution of 24.  
1H NMR (CD2Cl2/CD3OD): δ 1.13 (d, 3JHH = 6.4 Hz, 12 H, CHMe2), 3.60 (sept, 3JHH = 6.4 Hz, 2 
H, CHMe2), 4.38 (vt, J′ = 2.0 Hz, 2 H, CH of fc), 4.43 (m, 2 H, CH of fc), 4.60 (m, 2 H, CH of fc), 4.63 
(vt, J′ = 2.0 Hz, 2 H, CH of fc), 7.39-7.46 (m, 4 H, PPh2), 7.47-7.54 (m, 2 H, PPh2), 7.58-7.65 (m, 4 H, 
PPh2). 13C{1H} NMR (CD2Cl2/CD3OD): δ 22.49 (s, CHMe2), 45.49 (s, CHMe2), 67.05 (s, CH of fc), 
69.10 (s, CH of fc), 73.61 (vt, J′ = 4 Hz, CH of fc), 74.24 (vt, J′ = 28 Hz, Cipso–P of fc), 78.34 (vt, J′ = 5 
Hz, CH of fc), 92.91 (s, Cipso–N of fc), 128.77 (vt, J′ = 5 Hz, PPh2), 130.89 (vt, J′ = 25 Hz, Cipso–P of 
PPh2), 131.60 (s, PPh2), 134.48 (vt, J′ = 6 Hz, PPh2), 153.07 (s, Cipso of guanidinium). 31P{1H} NMR 
(CD2Cl2/CD3OD): δ 16.9 (s). ESI+ MS: m/z 616 ([Pd{Ph2PfcNC(NHiPr)(NiPr)}]+), 652 
([PdCl{Ph2PfcNC(NHiPr)2}]+), 1435 ([PdCl2{Ph2PfcNHC(NHiPr)2}2][SbF6]+). IR (DRIFTS): νmax 
3389 m, 3315 m, 3095 m, 2982 m, 2933 w, 2876 w, 1651 s, 1613 s, 1478 m, 1435 m, 1403 w, 
1392 m, 1374 m, 1352 w, 1338 w, 1306 w, 1199 w, 1168 m, 1132 w, 1099 m, 1063 w, 1037 w, 
1028 m, 859 w, 848 m, 831 w, 745 m, 711 w, 691 m, 659 s, 642 m, 622 w, 565 w, 540 w, 520 m, 
490 s, 476 m, 458 w. Anal. Calc. for C58H70Cl2F12Fe2N6P2PdSb2 (1673.7): C 41.62, H 4.22, N 5.02%. 
Found: C 41.40, H 4.11, N 5.25%. 
 
Preparation of [PdCl{Ph2PfcN=C(NHiPr)(NiPr)-κ3P,N,N’}]·Et2O (25·Et2O) 
A suspension of 15a (0.69 g, 1.0 mmol) in dry tetrahydrofuran (20 mL) was cooled to 0 °C in an 
ice bath and a solution of potassium bis(trimethylsilyl)amide (1.0 mL of 1M solution in THF, 1.0 
mmol) was added. The mixture was stirred for 15 minutes while cooling and then for another 45 
minutes at room temperature. During this time the solid starting material completely dissolved 
to give dark red solution, which was subsequently filtered through a PTFE syringe filter (pore 
size 0.45 μm) and evaporated. The dark red residue was extracted with hot diethyl ether to 
prepare a saturated solution, which was left to stand at –18 °C. After several days, dark red 
crystals, which formed, were collected, washed with pentane and dried under vacuum. Yield of 
25·Et2O: 0.59 g (81%), dark red crystalline solid. The crystals suitable for X-ray structure 
determination were obtained by the same procedure as the bulk material. 
 1H NMR (C6D6): δ 0.67 (d, 3JHH = 6.3 Hz, 6 H, CHMe2), 1.12 (t, 3JHH = 7.0 Hz, 6 H, OCH2CH3), 
1.57 (d, 3JHH = 6.3 Hz, 6 H, CHMe2), 3.10 (d of sept, 3JHH = 9.7 Hz, 3JHH = 6.3 Hz, 1 H, CHMe2), 3.20 (d, 




6.3 Hz, 1 H, CHMe2), 3.53 (vt, J′ = 1.8 Hz, 2 H, CH of fc), 3.96 (m, 2 H, CH of fc), 4.49 (vt, J′ = 1.9 Hz, 
2 H, CH of fc), 4.77 (m, 2 H, PPh2), 6.99-7.08 (m, 6 H, PPh2), 7.94-8.05 (m, 4 H, PPh2). 13C{1H} NMR 
(C6D6): δ 15.57 (s, OCH2CH3), 23.21 (s, CHMe2), 24.36 (s, CHMe2), 43.99 (s, CHMe2), 47.52 (d, JCP = 
5 Hz, CHMe2), 65.41 (s, CH of fc), 65.88 (s, OCH2CH3), 67.67 (s, CH of fc), 71.21 (d, JCP = 8 Hz, CH of 
fc), 77.66 (d, JCP = 12 Hz, CH of fc), 81.66 (d, JCP = 55 Hz, Cipso–P of fc), 116.92 (s, Cipso–N of fc), 
127.95 (d, JCP = 12 Hz, PPh2), 130.57 (d, JCP = 2 Hz, PPh2), 131.88 (d, JCP = 50 Hz, Cipso–P of PPh2), 
135.18 (d, JCP = 11 Hz, PPh2), 168.73 (d, JCP = 5 Hz, Cipso of guanidinate). 31P{1H} NMR (C6D6): δ 
35.3 (s). ESI+ MS: m/z 616 ([Pd{Ph2PfcNC(NHiPr)(NiPr)}]+), 648 
([Pd(OMe){Ph2PfcNC(NHiPr)2}]+). IR (DRIFTS): νmax 3323 m, 3074 w, 3054 m, 3022 w, 2975 s, 
2961 m, 2932 m, 2870 m, 2810 w, 1596 s, 1586 s, 1483 m, 1450 s, 1436 s, 1399 s, 1381 s, 1364 
m, 1348 m, 1324 m, 1253 m, 1205 w, 1194 w, 1169 m, 1149 m, 1126 w, 1100 s, 1074 m, 1045 w, 
1026 m, 999 w, 986 m 933 m, 896 w, 867 w, 854 w, 841 w, 816 m, 748 m, 708 m, 694 s, 673 w, 
635 m, 591 w, 542 m, 522 m, 508 m, 497 m, 483 m, 455 w, 444 w. Anal. Calc. for 
C29H33ClFeN3PPd·Et2O (726.4): C 54.56, H 5.97, N 5.78%. Found: C 54.08, H 6.02, N 5.63%. 
 
Preparation of [Pd{Ph2PfcN=C(NHiPr)(NiPr)-κ3P,N,N’}(dmap)][SbF6] (26) 
A dark red suspension of 25·Et2O (145 mg, 0.20 mmol) and silver(I) hexafluoroantimonate 
(69 mg, 0.20 mmol) in dry acetonitrile (10 mL) was stirred at room temperature with an 
exclusion of direct daylight for 1 hour. The precipitated silver(I) chloride was filtered off using 
PTFE syringe filter (pore size 0.45 μm) and  the dark red filtrate was treated with a solution of 
4-(dimethylamino)pyridine (24 mg, 0.20 mmol) in dry dichloromethane (2 mL). The mixture 
was stirred at room temperature for additional 30 minutes before the volatiles were evaporated 
under reduced pressure. The dark red solid residue was redissolved in dichloromethane (3 mL) 
and the solution was layered with methyl tert-butyl ether. Crystallisation over several days 
afforded dark red crystals, which were isolated by suction, washed with pentane and dried 
under vacuum. Yield of 26: 160 mg (82%), dark red crystalline solid. The crystals used for X-ray 
structure determination were obtained by the same procedure as the bulk material. 
  1H NMR (CD2Cl2): δ 0.82 (d, 3JHH = 6.3 Hz, 6 H, CHMe2), 0.94 (d, 3JHH = 6.4 Hz, 6 H, CHMe2), 
2.90 (s, 6 H, NMe2), 3.01 (d of sept, 3JHH = 9.4 Hz, 3JHH = 6.4 Hz, 1 H, CHMe2), 3.35 (sept, 3JHH = 6.3 
Hz, 1 H, CHMe2), 3.69 (d, 3JHH = 9.4 Hz, 1 H, NH), 3.90 (vt, J′ = 2.1 Hz, 2 H, CH of fc), 4.49 (vq, J′ = 
1.6 Hz, 2 H, CH of fc), 4.99 (vq, J′ = 2.1 Hz, 2 H, CH of fc), 5.32 (vt, J′ = 1.1 Hz, 2 H, CH of fc), 6.12 
(m, 2 H, CH of dmap), 7.31-7.37 (m, 4 H, PPh2), 7.43-7.49 (m, 2 H, PPh2), 7.58-7.66 (m, 4 H, PPh2), 
7.71 (m, 2 H, CH of dmap). 13C{1H} NMR (CD2Cl2): δ 23.24 (s, CHMe2), 24.17 (s, CHMe2), 39.40 (s, 
NMe2), 44.42 (s, CHMe2), 46.36 (d, JCP = 4 Hz, CHMe2), 66.33 (s, CH of fc), 67.90 (s, CH of fc), 72.64 
(d, JCP = 8 Hz, CH of fc), 77.77 (d, JCP = 59 Hz, Cipso–P of fc), 78.15 (d, JCP = 13 Hz, CH of fc), 108.50 




50 Hz, Cipso–P of PPh2), 131.55 (d, JCP = 3 Hz, PPh2), 134.04 (d, JCP = 12 Hz, PPh2), 150.67 (d, JCP = 1 
Hz, CH of dmap), 154.81 (s, Cipso–N of dmap), 170.45 (d, JCP = 4 Hz, Cipso of guanidinate). 31P{1H} 
NMR (CD2Cl2): δ 35.9 (s). ESI+ MS: m/z 616 ([Pd{Ph2PfcNC(NHiPr)(NiPr)}]+), 738 
([Pd{Ph2PfcNC(NHiPr)(NiPr)}(dmap)]+). IR (DRIFTS): νmax 3387 m, 3091 w, 3054 w, 2971 m, 
2930 m, 2870 w, 1617 s, 1578 s, 1537 s, 1482 m, 1437 m, 1399 s, 1389 s, 1365 m, 1326 m, 1310 
w, 1252 m, 1225 s, 1174 m, 1123 w, 1102 m, 1073 m, 1026 m, 999 w, 983 w, 948 w, 931 w, 896 
w, 867 w, 856 w, 834 w, 816 m, 750 m, 711 w, 700 m, 657 s, 635 w, 541 m, 522 m, 510 m, 495 m, 
484 m, 445 w. Anal. Calc. for C36H43F6FeN5PPdSb (974.7): C 44.36, H 4.45, N 7.18%. Found: C 








Full-sphere diffraction data (±h±k±l, θmax = 27.5°) were collected using a Bruker D8 VENTURE 
Kappa Duo diffractometer equipped with a PHOTON100 detector and a Cryostream Cooler 
(Oxford Cryosystems). Monochromated Mo Kα radiation (λ = 0.71073 Å) was employed, with the 
exception of compound 17, for which Cu Kα radiation (λ = 1.54178 Å) was used.  
The structures were solved using direct methods (SHELXT-2014)[2] and subsequently 
refined by full-matrix least-squares based on F2 using SHELXL-2014 or SHELXL-2017.[3] All 
non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen 
atoms were included in their theoretical positions and refined as riding atoms with Uiso(H) set to 
a 1.2Ueq(N) and 1.2Ueq(C), respectively. 
 Geometric calculations were performed and the structural diagrams were obtained using 
the recent version of PLATON program.[4] Numerical values were rounded to one decimal place 
with respect to their estimated deviations (ESDs). Parameters pertaining to atoms in 




Table D.1. Summary of relevant crystallographic data and refinement parameters. 
Compound 17 18·2CHCl3 19 
Formula C29H34Cl2FeN3PPt C124H94B2Cl8F48Fe2N6P2Pt2 C29H35ClFeN3P 
M 777.40 3449.09 547.87 
Crystal system monoclinic triclinic monoclinic 
Space group P21/n (no. 14) P–1 (no. 2) P21/c (no. 14) 
T/K 120(2) 120(2) 125(2) 
a/Å 13.1436(4) 14.1749(4) 13.9859(6) 
b/Å 13.0775(4) 14.2935(4) 9.5728(4) 
c/Å 16.9749(4) 17.5227(4) 20.6633(9) 
/ 90 70.720(1) 90 
/ 98.675(2) 89.867(1) 99.693(2) 
/ 90 83.515(1) 90 
V/Å3 2884.4(1) 3327.4(2) 2727.0(2) 
Z 4 1 4 
F(000) 1528 1696 1152 
(Mo K)/mm–1 15.381 2.612 0.732 
Diffrns collected 25775 44765 42321 
Indep diffrns 4754 13077 6268 
Observeda diffrns 3749 12097 5720 
Rintb/% 8.20 2.67 2.15 
No. of parameters 338 878 323 
Rb obsd diffrns/% 3.54 2.81 2.61 
R, wRb all data/% 5.73, 7.01  3.18, 6.95 2.98, 6.63 
/e Å–3 0.87, –0.88 3.09, –1.08 0.49, –0.37 
a Diffractions with I > 2(I). b Definitions: Rint = Fo2  Fo2(mean)/Fo2, where Fo2(mean) is the average 






Table D.1 continued 
Compound 20·CH2Cl2 21·2.5CHCl3 23·2CH2Cl2 
Formula C30H37Cl2F6FeN3PSb C31.5H37.5Cl10.5FeN3PPd C60H74Cl8F12Fe2N6P2Pd2Sb2 
M 833.09 1023.59 2020.79 
Crystal system triclinic triclinic triclinic 
Space group P–1 (no. 2) P–1 (no. 2) P–1 (no. 2) 
T/K 150(2) 120(2) 150(2) 
a/Å 9.5123(5) 12.5962(5) 13.7155(9) 
b/Å 9.6515(6) 13.5142(6) 15.400(1) 
c/Å 20.813(1) 14.1211(6) 19.757(1) 
/ 95.262(2) 114.103(1) 88.358(2) 
/ 98.024(2) 93.921(1) 85.451(2) 
/ 114.946(2) 108.668(1) 65.734(2) 
V/Å3 1691.3(2) 2022.9(2) 3792.3(5) 
Z 2 2 2 
F(000) 836 1026 1992 
(Mo K)/mm–1 1.491 1.564 1.933 
Diffrns collected 48922 40304 55268 
Indep diffrns 7771 9326 14923 
Observeda diffrns 7285 8566 11850 
Rintb/% 2.07 1.74 3.19 
No. of parameters 426 433 855 
Rb obsd diffrns/% 3.79 2.83 4.93 
R, wRb all data/% 4.03, 9.83 3.20, 6.73 6.60, 13.77 






Table D.1 continued 
Compound 24 25·Et2O 26 
Formula C58H70Cl2F12Fe2N6P2PdSb2 C33H43ClFeN3OPPd C36H43F6FeN5PPdSb 
M 1673.64 726.37 974.72 
Crystal system triclinic monoclinic orthorhombic 
Space group P–1 (no. 2) P21/n (no. 14) Pbca (no. 61) 
T/K 120(2) 120(2) 125(2) 
a/Å 9.830(2) 13.2618(6) 17.1620(9) 
b/Å 10.785(2) 11.2018(5) 20.788(1) 
c/Å 16.810(2) 21.993(1) 21.742(1) 
/ 90.376(8) 90 90 
/ 104.974(6) 101.127(1) 90 
/ 112.399(5) 90 90 
V/Å3 1580.6(4) 3205.8(3) 7756.9(7) 
Z 1 4 8 
F(000) 832 1496 3888 
(Mo K)/mm–1 1.784 1.177 1.622 
Diffrns collected 32266 48171 93777 
Indep diffrns 7260 7383 8927 
Observeda diffrns 6401 6938 8331 
Rintb/% 3.40 2.02 2.13 
No. of parameters 389 376 488 
Rb obsd diffrns/% 3.64 2.00 2.07 
R, wRb all data/% 4.38, 7.85 2.22, 5.13 2.32, 4.97 
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